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INTRODUCTION 
D ra i na ge of i r r i gated land s may seem t o  be a paradox when the 
bas i c
'
p r o bl em a s s o c iated wi th i rr i gated land s i s  a s ho r t a ge o f  s o i l  
mois ture . However . the wa ter re g ime und e r i r r i ga t ed c o nd i t i ons i s  
o ften d ras ti ca l l y  d i f fe rent from correspond i n g  d ryl and farming con­
ditio n s . The s o i l  mo i sture content i s  g reat e r  under i rr i gated cond i ­
t i ons than d r yl and cond itions , wh i ch e s tab l i s he s  a f i e l d  cond i t i on whe re 
downward movement of wa ter be l ow the roo t zone can o c cu r . The d own-
war d  movement o f  wat e r  ca l led deep per c o lat i on may be p lanne d to l ea ch 
salts out o f  t h e  root zone or may be caused by imprope r  i rri gati on 
managemc.·mt . S i nce many i. rri{;a te d land s do not have adequate na i::u-
ral su bsu r face d r a i nage to c on t r o l  t h i s  deep per cola t i o n , a d rainage 
sys tem is often requ ir e d . 
Sou t h  Dako ta is pre s en t l y  p lann ing for the irri gati o n  o f  &p­
proximately cne -haJ.f m i l l i on acres of land i n  the propo s e d  Oahe Unit 
located i n  t he north·-central par t o f  t he s ta t e . The ma i n  body o f  
lar.:.d in the Oahe Unit i s  �:he Lake Pl a i n  area which was once t he lake 
bed of post-gl aci al Lake Dako ta . Approx imat e l y  one-f i f t h  o f  the 
tota l cost of the proj e c t  wil l be for dra i na ge syst ems (Un i t ed State s 
Department of the I n t e r i or , 1 9 65 ) . 
The frJreau of Re c lamat i on is re s pons ible · for the d e s i gn o f  the 
Oahe p rojec t .  They are pres entl y us ir.g a trans i e n t  d ra i na ge s pacing 
equation developed by Glove r (Dumm, 1954) in the d esign. of the 
dra i nage s ys tem . The u s e  o f  t h i s  design equa t i o n  requ i re s  t he eval­
uat ion of two s o i l  paramete r s ; s aturated so i l  hyd raul i c  c onduc t iv ity 
and d ra i nab l e  poros i ty .  The au g e r  hole me t hod i s  u sua l l y u s ed to 
de term i ne the s a turated s o i l  hydrau l i c  conduc t iv i t y  under s atura ted 
s oil cond i t i on s . However, much o f  the Oahe Un i t  d o e s  not cu rrently 
contain s aturat e d  s o i ls in the r egion o f  the s o i l  prof i l e tha t wi l l  
control t he f lo w  o f  water to the drains . The Bure au u s es a po i nt 
f i e ld me thod cal l e d  t he pump - i n  me thod to est imate the s a tu r a ted hy ­
drauli c  conduc t i v i ty o f  the s o i l  under uns aturated cond i t i on s . The 
a ccuracy of t he pump -in me thod as compared to the auger ho l e  me t hod 
ha.s been ques tioned. Therefore, t he Bt.�reau o f  Recln.mat ·.on ::tfl:i the 
S outh Dakota Agricu l tural Expe rime nt S ta t i on d e cided to compare these 
two me thod s on a n  expe r imental plo t  at t he Jame s Val l e y  Re s e ar ch and 
Extens io n  Center wh i ch is  w i t h i n  the bound s o f  t he Oahe proj e c t . 
Th i s  expe r imental p lot area contains a subs urfa ce d ra inage 
system wh i ch was ins t a l l e d  i n  1967. Since the soils of the plot area 
are not c omp le t e l y  un iform, the d r a i n  l i ne dis charges reflect an 
ave rage of t he s o i l s and e nve lope hydraul i c  characteri s t i c s . An open 
trench c onstruction te chnique was used to i �stal l t he drain l ines 
wh i ch re s ulted in a d i s turbed s oil prof i le above t h e  dra i n  l i ne s . 
Drainage d e s i gn equations in contrast as s ume a homogeneous soi l 
which means the dis turbed tre nch so i l  has the s ame d r a i nage charac-
teri s t i cs as the undi s turbed s o i l . There i s  a possibi l i t y that the 
2 
t re n c h  ma teria l  can be more permeable than t he und i s tur bed s o i l  and 
act l ike an ope n  tre nch or it can be l e s s  perme a b l e  and re s tr i c t  the 
f l ow to t he drain l i ne . Therefore an inve s t i ga t i on o f  t he d i s turbed 
soi l hydraul i c  conduct iv i t y was initiated to de term i ne t he e ffe c t  of 
the tre n c h  ba c k f i l l  material on drain l i ne d i s charges. 
Env e l opes around the dra i n  l ines can a l s o  a f fe c t  the a bil i ty o f  
water to e n ter t he drai n l ines; The e nvelope materi a l s  are des i gned 
to b e  more perme able t ha n  the surround ing soi l ; however, t his may 
not a lway s  be the ca se . The d rain l ines in t h i s  expe r imen ta l  plot 
area are surrounded by two expe r ime n t a l  enve lopes ( F i gure l) ; a thre e  
i nch a l l  grave l enve lope a nd a comb i na t i on t hre e i n c h  grave l  and 
f i be r g l a s s  e nve lope . Th e re l a t ive hydrau l i c  c har a c ter i s t i cs o f  these 
e nve l op e s  under f i e l d  cond i t ions were i nves t iga t e d  to e v aluate t he 
func t iona l adequacy of the env e lope s . 
3 
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Figure 1. Drainage Envelopes Installed in the Field Experimental Area 
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OBJECTIVES 
The o bje c t iv e s  o f  t h i s  study were: 
1 .  Compare pump - i n , au ge r ho l e, antj dra i n  l i ne h y d r au l i c  
condu c t iv i t i e s . 
2. Compare d i s turbed ( backfi l l )  and und i s turbed s o i l  
hydraul i c conduc t iv i ties . 
3. Compare the hydrau l i c cha ra c te r i s t i cs o f  two experi­
men t a l enve l opes . 
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L I TERATURE REVI EW 
Th i s  li terature rev i ew is d i v ided into two par t s :  a di s -
cus s ion o f  s aturated so i l  hydraul i c  conduc t iv i ty and d ra i na ge e nvel -
ope s tudies . 
Hydraulic Conduc t i vi ty 
The h y d rauli c condu c t iv i t y o f  a s o i l i s  de f ined by Hi l l e l  (1971) 
as the rat i o  o f  the flux to the hydrau l i c  grad i e n t . F lux i s  de f ined 
as the volume of wa ter pas s ing through a un i t  cros s -s e c t i ona l area 
( pe rpendi cular t o  t he f l ow direction) pe r un i t  t i me . 
Darcy ' s law . Henry Darcy ( 1856) developed an emp i r i ca l  re lation ­
ship which i s  re garded a s  the fundamental l aw conc e r n i ng wate r  f l ow 
throug h  soi l. Thi s  law states :hat the f low of wate r through a po­
rous me dium is proport i ona l to t he hydraulic grad i e n t  and the hy ­
drau l i c  conduct]v i ty . Th i s  i s  s ymbo l ized by: 
Q KiA (1) 
where Q is the vob1�e flow rate C L3/T ) , K i s  the hyd rau l i c  c onduc­
tivity (L/T), i is tbe hydrau l i c  grad ie .n t  ( L/L ) , and A is t he 
cross --s e c t i o nal flow area ( L2). 
The hydrauli c grad i e n t  represents the total head l os s  of tlte 
fluid over a. given d i stance . The hyd raul i c  gradi ent can be evalua ted 
by d ropping the vel.:>ci ty head terms from t he Bernouil i  equation, 
6 
s i nce the k i ne t i c  energy i s  neg l i g i b le be cause the veloc ity o f  the 
f l ow of water through the soil is very s l ow . Th i s  l eav e s  on l y  the 
pressure head and the e lev at i on head to supply the dri v i n g  force 
( Bucks, 1.968) . The sum o f  these two can b e  wr i t  ten a s  : 
� = p/pg - h 
7 
where 0 is the hyd r aulic head (L), p is th� pressure ( F/L2 ) , p i s  the 
dens i ty of the water ( FT2/ L4), g is the grav ita t ional constant ( L/T2 ) ,  
and h is the elevation head measured from a referen ce plane ( L ) .  Thi s  
shows that: 
( 3 )  
where �0 is the change i n  the hydrau l i c  head between two po i nt s  and A 1 
is t he ave rage f l ow d i s tance between the two points. 
Po i n t  methods of eva luating field hydraulic conduct i v i ty .  Many 
f i e l d  t e s t  methods have been develo ped to measure the hydrauli c con­
duct ivity of soil. Point field pro cedure s  hav e been developed for 
cond i t i on s  above and below a water table . D i s cu s s ion of the point 
field methods below a water ta bl e  i s  covered first. 
The auger hole method measures the average hori zon t a l  hy drau l i c  
conductivity of a s o i l  pro f i l e  from the· wa t er table t o  a short dis­
tance below t he bottom of the hole. Diserens ( 1934) first d2veloped 
the technique of u s i ng au ger hol e s for the measu rement of hydrau lic 
co nducti v ity . Hooghoudt (1936) and Ernst (1950) improved and mod i ­
fied the technique �nd prov i ded graphi cal solutions . Mnas ltind and 
Haskew (1957) descr i bed t he me t hod i n  great de ta i l and conc luded 
a fter thousands of tests in Austra l ia tha t  i t  a c cura t e ly me asures. 
the hydrau l i c condu c t iv i ty of a so i l . 
A c ircu l ar ho l e, usua l ly four inches , i s  augered and perm i t t e d  
to c ome to equi l i br i um. The water is ba i led ou t to f lush the s ide-
wal l .s and the wa t e r  is aga in p ermi tted to come to equ i l ibr i um . Then 
the wa ter is ba i l e d  ou t and the. rate o f  wa ter e l evat i o n  rise w i th 
t ime i s  re c orded and used to ca l c u late the hydrauli c  c ondu c t iv i ty .  
Ch i l ds ( 1950) proposed the use of t he two h o l e  me t hod for non­
layered s o i l s. This me thod uses two auger h o l es o f  equa l d iame ter 
and of a n  equa l depth below the water table preferahly to a n  �M-
permeable l ayer. Wat er is pumped out of one ho l e  
i n to t he o t her a t  a st eady and known ra te . Th is crea t es a smal l 
head d i f fe!"e nce be tween the two ho les. The hydrau lic condu c t iv ity 
can be ca l cu lated from the head d ifference , pump i ng ra t e , and the 
geometry of t h e  sys tem . 
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Kirkham ( 1955) proposed t he use of the four we l l  me thod t o  e l i­
m ina te t he e ffe c ts of surface sea l ing i n  the we lls where i t  may ex ist 
in Ch i lds two h o l e  me thod and suggested t hat two more case d we l l s of 
t he p iezome t er type be p l aced be tween t he two unl i ne d  h o l es . The rate 
of wa ter movement be tween the two ou ter holes and the head d i ffe r enc e 
be tween them is measured . The ra t i o  of wa ter moveme n t  t o  the 
9 
difference in head between the two inner wells would then be a measure 
of the hydraulic c onductivity. 
Kirkham ( 194 6 ) first introduced the piezometer method. This 
method was then developed by Luthin and Kirkham ( 1949) and Reeve and 
K irkham ( 1951) . The piezometer method uses a seamless tube installed 
in an auger hole 1/1 6 inch less in diameter than the tube. The hole 
is augered out six inches at a time and the tube driven to within one 
inch of the bottom of the hole. This process is repeated until the 
desired depth is reached. A six inch cavity beyond the end of the 
tube is then augered out. The hole is flushed and permitted to come to 
�l{Uil.i..b..1.·_;._tun. The waler is a�a.in rmr1uved a.nd the rate uI rise with 
time is rAcorded and used to calculate the hydraulic conductivity 
value. Th:i.s method whicb . .r.t.E:�sures predominately the horizontal con -
ductivi ty is well suited to r.wasuring the conductivity of stratified 
soiJ_s. 
The tube methcd is essentially the same as the piezometer method 
except that no cavit� is drilled beyond the end of the tube (Frevert 
and Ki.rkham, 1948). 'The system is developed as in the piezometer 
met.hod and r.lf?asurem2nts are taken in the same way. The tube method 
measuyes the vertical hydraulic conductivity instead of the horizon-
tal as in the piezometer method. 
The Pomona well point method is a simple test to perform 
(American Society of Agricultural Engineers Drainag� Committee, 19 62 ) .  
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A Kirig soil tube is driven to the approximate depth at which the 
measurement is to be made. The soil is removed from the tube and a 
well point is driven six to eight inc hes below t he end of the tube. 
The water. table is permitted to reach equilibriu� and its position is 
measured. A s mall diameter suction tube is inserted to.a point. three 
inches below t he water table. T his three inch head difference i s  
maintained and t he rate of outflow is measured. Thi� can be convert-
ed to the hydraulic conductivity through the use of an empirical 
equation. 
Several methods have also been developed to measure the s aturated 
hydraulic condustivi.ty above the water table under field conditions. 
The shallow well pump-in method was developed by the Bureau of 
Reclamation to measure s aturated hydraulic conductivity of s ites with­
out a water table (Winger, 19 6 0 ) . Measurements are made of t he volume 
of water flowing from an auger hole in which t he head of water is 
held constant. T he hydraulic conductivity is a composite rate for 
the entire depth being tested but generally reflects the more perme-
able layers. In this method a hole is augered to the desired depth 
and the rate of water flow ihto the soil under constant head is 
measured. From this data the hydraulic conductivity is calculated. 
vaiues of hydraulic conductivity found by t his method are gener­
ally lower than values found by the auger hole method. The ratio of 
the hydraulic conduct iv ity va lues of t he pump-in t o  the auge r  ho l e  
we r e  found t o  b e  approx imat e ly 0 . 50 by Ta l sma ( 1 9 6 0 )  and 0 . 85 by 
Winger 0960). 
The permeame t e r  me t hod is based on the measurement o f  the water 
out f l ow rate in an auge r  ho le above a water tab l e  (Wing e r , 1 9 6 0 ) . A 
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large diamet e r  ho l e  is excavated and an 18 inch cyl indrical s leeve is 
placed in t he middle .  This sleeve pene tra tes the soil t o  a known 
depth below t he bot tom of t he ho l e. The same wat e r  l evel inside and 
outside the s le eve i s  maintained. The wat er infi l t ration rate from 
the i nside of t he sleeve is measured. The pressure at a known depth 
below the cyli n'er is m£asured thr0ugh the use of ten3icmeters ; The 
vert i ca l  hydrau lic conductivity is ca l cu l ated by Darcy's law. This 
me thod is limited because positive pressures may deve l o p  i f  t he soil 
is unde r lain by a restrict i ng layer . Al t hough r e l ativ e ly e asy t o  
use, t his m,et hod is tim� consum i ng a.nd requ i r es a large amou n t  o f  
spec i a l ized equipment. 
The doub l e  tube me thod uses two cy l i nde rs t o  de t e rmine t he hy­
drau l ic conduct ivity o f  the so i l  ( Bouwe r, 1 9 64 ) . An auge r h o l e  is 
excavated to the des ired depth, the bo t tom o f  the hol e  is c l e ane d, 
and a thin layer of sand is spread on t he bot tom . Two �oncentric 
cyli nders wit h  a ratio of diame ters of 1.7 o r  larger are forced int o  
the so i l  one inch. Bo t h  cylinders are fil led with water and main­
tained at the same depth for several hours . The water suppl y  to the 
center c y l i nder i s  cut o f f and t he water leve l s  o f  t h e  t wo c y l i nde r s  
ar e mai n t a i ne d  at the s ame l evel . T h e  wate r  heig ht ver s u s  t ime i s  
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recorded and t he data p l o t te d  t o  ge t a fal l i ng wa t e r  he i gh t  v e r s us t i me 
curve . Next , t h e  wa t e r  l eve l i s  r e s tored to t h e  o r i g i na l  h e i g h t . 
The supp l y  o f  wat e r  t o  the cent e r  c y l i nd e r  i s  again c u t  o f f  and t he 
water he i g h t  versus t ime i s  measured wh i l e  t he wat e r  l ev e l  i n  t h e  
oute r  c y l i nd e r  i s  he l d  cons t an t . Th i s  d a t a  i s  p lo t te d  t o  obta i n  a 
cons tan t  wat e r  he i g h t  versus t ime curve . The v e r t i cal hy d r au l i c  con-
duct iv i t y  can be cal culat e d  us ing the se two curve s and a n  empir i cal 
e quat i on .  
The p ond i n f i l t rat ion me thoa u t i l i ze s  a large surface area 
( Lut h i n , 1966 ) .  The area is diked with a ring o f  s o i l and f i l le d  
w i t h  wa t e r . A c i r cu lar r i ng o f  400 cent ime t e r s  i s  r e commend e d . The 
procedur e  is as f o l l ows : wate r  i s  added as ne e d e d ; when enough water 
has be e n  adde d  t o  soak down t o  the l ayer o f  wh i c h t he conduct i v i ty i s  
t o  b e  d e t e rm i ne d , n o  more water i s  adde d . The rat e o f  t he f a l l ing 
water lev e l is  t he n  measur ed . S i nce al l f low i s  due to grav i t y , t he 
hydrau l i c  g r a d i ent i s  as sumed to be unity and the hydrau l i c c onduc ­
tivit y is ca l cu l a t e d  from Da rcy's law . 
Drai n l i ne methods o f  evalua t i ng f i e l d  hyd rau l i c  c onduc t iv i t y .  
Several r ese a r c h e r s  have eva luated drai nage sys tem h y d r auli c con-
du ctiv ities and compared t hem with point t e s t me t hod values . They 
evaluat ed t he dra i n  l i ne value s  by record i ng wate r  tab l e  e l evat i ons 
and dra i n  l i ne d i scharges and us i ng these data, t he dra i nage sys tem 
geometry, and a dra inage spac i ng equat i on to so lve for t he hydraul ic 
conduct iv i ty. 
1 3  
Ho f fman and Schwab ( 1 9 6 4 )  and Perr i er, et a l . ( 1 9 72 )  used two 
forms o f  an equation dev e l oped by van Sch i l fgaarde to evaluate the 
dra i n  l i ne hydrau l ic conduct i v i ty for a s i l ty clay so i l  i n  Oh i o  and 
Ca l i forn i a , respect i vely . Ho f fman and Schwab found that t he dra in 
l i ne va lue was approx imate ly one -ha l f  o f  the auger ho le va lue, wh i le 
Perr ier f ound the dra i n  l i ne va lue was tr iple t he va lues found by the 
p iezometer method. S kaggs, et a l . ( 1 9 7 3 ) compared dra i n  l i ne hydrau­
l i c  c onduct i v i ty values determined from equati ons developed b y  van 
S c h i lfgaarde, Bouwer and van Sch i l fgaarde , Gl ov er, and Hammad w i th 
hydraul ic conduct i v ity va lue s de term i ned from core s amp les o f  the 
North Car olina costa l  plain . The va lues found by the drainage de­
s i gn equat i on s  were 6 0 , 67 , 79,  and 22 percen t  o f  the c ore s ampl e  
value, respec t i ve l y . 
John s t o n, et a l . ( 1 9 6 3 )  and DeBoer and Johns on ( 1 9 67 )  compared 
drai n l i ne hydrau l ic co nduc t iv i t i e s  from equat i on s  develope d  by 
K irkham to auger hole me thod va lues for a C al i for n i a  r ice f ie l d  and 
an Iowa f l oodpla i n, re spec t ive ly . Bo th s tud i e s  found that t he auger 
ho l e  values provide a good approx imat ion o f  the dra i n  l i ne hydraul ic 
conduct i v i ty. 
Lembke ( 1 9 6 7 ) compared au ger ho le and dra i n  l i ne ou tflow h y-
draul ic c onduct i v i t ies on a lake pla in 
. 
so i 1 wh ich borders. the 
292547 
experi.me n t a l  area o f  thi s study . The drain l ine va l ue s  we r e  d e t e r -
m ined by a nume r i ca l  s olution us ing a re laxat i on techn ique . Lembke 
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found t ha t  t he auger h o l e  hydraul i c  conduc t iv i t ie s  we re a bou t 1 5  per -
cent s ma l l e r  t ha n  t he d ra i n  line value s . As s hown by t he s e  s tud i e s , 
the poin t  measurement s  i n  the f ie ld were no t c ons i s t e n t l y  h i gher or 
l owe r t han t he d ra i n  l i ne va lue s . 
Drai nage E nv e l ope S tud i e s  
An e nv e l ope i s  used t o  fac i l i tate water e n t ry i n t o  dra i n  l i ne s , to 
prev ent s oil f r om mov i ng int o  the dra i n  l ines,  and to prov i d e  a s t a b i -
l izing founda t ion for t he drain . Grav e l  and sand have bee n  wide l y  
used in env e l opes, but many o t her mate r ia l s  hav e  b�en used wi t h  vary-
ing s u c ces s . 
Grav e l env e l ope s tud i e s . Kar l Te rzagh i ( 1 948 ) ,  i n  1921, made 
the f i r s t  grave l e nve l ope r e c ommenda t i on : 
Dl 5  f i lter D15 f i l te r  
------ < 4< -----
(4) 
Dg5 base D 1 5  base 
where n15 and n85 are the par t i c le s i zes at  wh i c h  15 percent and 85 
pe rcent o f  t he par t i c l e  weigh t i s  smaller . The te rms f i l te r  and 
base r e fe r to the grave l enve lope and base ma te r ia l . 
Sever .a l  r e s e arc her s have s i nce developed de s i gn c r i ter i a  for en-
ve l ope s . The p r i n c i pal ones are Be r t ram (19 40 ) , Un i ted S ta t e s  Army 
Corps of Enginee.!"'s (1941), Leat herwood and Pe ters on (1954), a:i.d 
Un ite d Sta t e s  Depar tment:o f the In ter i or ( 19 5 5 ) .  The ir proposed de -
sign cr iter ia are shown i n  Table 1 .  
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Ta ble 1 .  Propos e d  De sign Cr iter i a  of Part icle S ize Ra t ios for Grave l 
Envelop es 
Researcher 
Bertram 
Un ited S ta t e s  Army Corps 
of Eng i ne er s  
Leat herwood and Pe terson 
Un i ted S ta tes Departmen t 
of the Interior 
D 15 fil ter 
D15 base 
9 . 0 
D5 0  f il t er 
D5 0  base 
5.3 
5. O to 10 . O 
D 15 f i lter 
D 1 5 base 
5.0 to 1 0 . 0  
4 . 1 
In add i t ion t he gradat ion curves o f  the e nvelope and has e  mat e r i al 
should be ap�rox imately parallel . 
S everal recommendat ions have be en made about t he th i ckne ss o f  
envelopes . The Un i ted S t a t e s  Department o f  Agr icul ture ( 19 60 )  r ec-
ommends a t  leas t three inche s  o f  gravel . The Edward E .  Johnson 
Company ( 19 5 5 ) sugges t s  tha t gravel envelope s have a th ickne s s  of 
three to nine i nches . Des Bouvr i e  ( 1962 ) made t he following con-
clusions concerning e nvelope th i ckne s s  and the f ilt er- base ratios at 
the n50 grain size : 
1. � to 1 i nch thick for f i lter- base rat i o s  l e ss than 12 
2. 3 inches for filter - base rat i o s  o f  12 t o  2 4  
3 .  6 i nches for fi l ter--base rat i os of 24 to 28 
4 .  9 i nches for f il ter-base rat ios of 28 t o  40 
5 .  1 2  inches for f ilter - base ra t i o s  of 4 0  t o  52 
Bucks (1968) conc luded that a grave l envelope i s  e s sen t i a l  for 
the protec t i on of a tile dra i n  i n  the coarse s il t  base mater i a l  of 
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the exper imental p l o t  of th i s  s tudy. He found tha t  a s ix i nch 
enve l ope of p i t  run gravel wi l l  serve th i s  purpose . He a l s o  s ta ted 
that an enve l o pe of any th i cknes s wi ll increase the t i le out f l ow over 
a line wi thou t an envelope . The dra in l i nes wi thout envelopes fa il ed 
rap i d l y  by f i l l ing wi th s o il . . 
Other envelope mater ials . Many mater i a l s  have been s tud ied for 
use a s  enve l ope mat2r ia l s  around drain l i nes. Mos t researc hers, i n  
eva lua t ing the effec t ivenes s of these ma ter ials, have c ompared dra i n  
l i ne d i s char ges o r  v i sually observed the mater ial after s ome per i od 
of f ie l d  opera t i on . 
S i s s on and J ones (1962) used var ious mater ials for enve l opes 
around t ile l i nes i n  a labora tory exper iment i n  a med ium f ine sand . 
They tr ied corn co bs, sawdust, s traw, gravel, f i berg l a s s, a fiber ­
g lass and v i nyl sheet comb ination, and no envelope . They found that 
the no enve l ope case fa i led quick l y  and corn cobs wer� not much be t­
ter . The rema i n i ng enve lope ma ter ials prov ided adequate pro tect ion 
a gainst so il movement into the l ines . 
17 
Ford, et a l . (1968) s tud i e d  enve lopes o f  f iber g l ass, sawdust, and 
phosphate furnace slag in Flor i da c i trus groves. They repor t e d  that 
a f ter per iods o f  four to t we lve years the sawdust e nv e lopes were 
grea t ly redu c e d  i n  hydrau l ic conduc � ivity . The fiber g l ass and s lag 
a lso had reduce d  conduc t iv i t ies , but t h is was caused by a n  accumu­
lat ion o f  iron compounds i n  the enve lopes. 
Taylor a nd Go ins 0967) tr ied enve lopes of corn cobs , wheat 
straw, crushed sto ne, and verm icu l i te under humid fie l d  cond i t ions . 
The l±nes were v isua l ly i nspec ted after e i ght years and on ly neg li­
g ib l e  amoun ts of sed ime nt were. found in a l l l ines i nc lud i n g  the ones 
without envPlopes, They d0 not r�cmnmend t hP use of P-nveJ.op s in 
sil ty and c l ay textured so i ls i n  a hum id re g ion . 
DeBoer , e t  a l . (1972) repor ted t he resul ts o f  an i nv es t i ga t i on 
of t he envelope s  i n  the exper ime n tal area used for t h is study . The 
enve lopes were a t hree i nc h  grave l and a comb i nat ion t hr e e  inch 
grave l and f ib er g lass �ateria l (F i gure 1) . These exper imenta l dra i n  
l i nes were operated and monit ored dur i ng t he growing season for f i ve 
of s ix years a f ter insta l l a t ion to a id in t he f i e l d evaluat ion of 
the exper ime n t al e nvelopes . The envelopes opera ted wi t hou t prob l e ms 
dur ing the six year per iod . 
Dav is, e t  al. (1972) tr i ed var ious comb inat ions o f  t hr e e  types 
of dra i n  l ines ; p l as tic , c lay, and concre t e , w i t h  three e nvelope 
mat�r i a ls ; sand, pea grave l ,  and sand w i t h  t he f i nes r emoved . They 
also i n s tal l ed observat i on l i ne s w i t h  no enve lope, chat, d i r ty a l ­
luv i al sand, p la s t ic for ve loc i t y cont rol, and a p l a s t ic sheet over 
the top o f  a line . They found that any e nve l ope ma ter i a l  w i l l  per­
form succe s s fu l ly if care fu l l y i ns tal led . The l i nes w i t hou t e n-
velopes did fai l and the ones wi t h  ve loc i t y control measures had 
reduced ou t f l ow .  W i l l ard s on , et a l . (1973) s tudie d  t he ef f ect 
o f  back f i l l  se t t l i n g  treatments and the use of clean and d ir ty e n­
v e lopes on d r a i n  d i s c harge . They found t hat t he se t t l i n g  trea tmen t s  
had no e ffec t on dra i n  l i ne d i schar ge . The use o f  d ir ty e nv e l ope 
mater i als d i d  cau s e  a reduct ion in d rain l i ne d ischar g e . 
F ib8rglass hAs been studied hy several researchers as to j ts 
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e f fect i veness as an envelope ma terial . Overho l t  (1959) conduc te d  a 
labora tory s tudy compar ing a f ibe r gla s s  wrap wi th no e nvelope i n  a 
sandy so i l . He found a lmos t twice the discharge rate i n  t he f iber­
g lass pro tec ted l ines . Buras and Pillsbury (1963) t e s t e d  t he late ral 
movemen t  along a f iber glass sheet and conc luded tha t  i t  wou ld work 
�at is fac t ori l y  as an e nvelope. Ne l s on (1960) found t ha t  f iber g l a s s 
shee ts w i t h  random re i nforcemen t worked much be t t er as an enve lope 
than sheets w i th long i tud i na l  re i nforceme n t . 
Shull (1964) tested the hydrau l ic conduct i v i t i es o f  f iberg lass 
mats under various l oad cond i t ions i n  a laboratory st udy and con--
eluded t ha t  t h e  ma t s  wou ld improve the hyd rau l ic charac teris t ics o f  
the area near a drain . S hu l l  (1967) a l s o  tes ted t he so i l  f il tering 
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properties of these mats. His results showed that no particles larger 
than very fine sand will move through the mats easily. 
PROCEDURE 
De s c r ipt ion o f  the P l ot Area 
Th e  plot c hosen for th is stud y is part of the James .Va l ley Re ­
search and Extens i on Center . Th i s  p lot area conta i ns th ree sets of 
pumped d r a i n  l ines wh i ch are s paced 15 0 fee t apart at an e i g h t  foot 
depth as shown in F i gure 2. These l ines are sur r ounded by t he two 
expe r i mental envelopes wh i c h  were instal led in 1 9 6 7 . L i nes B and C 
ac tua l ly c ons i st of three independent para l l el l i nes. The n1 i d d l e  
l ine d r a ins a f i f ty foot bor der s t r i p  on the east and west e d g e  o f  
t he plo . The north and south l ines d ra in an a rea from t he m i d d le 
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o f  t b e  p l o t  t o  t h e  bor der area o n  t he west and e as t s i des , r e s pe c t i ve -
ly .  More d e t a i ls a re shown i n  F i gure 3 .  
Top o g r aphy o f  t he p lot i s  nea rly level s i nce i t  was once par t 
of t he l ake pla i n  o f  post- g l ac i a l  La ke Dako t a . A m i nimal amou nt of 
land leve l i ng was p e r formed on the pi o t i n  the l ate 1 9 40 ' s .  C la s s i ­
f i cat i on o f  t he soi l i s  a Beo t i a s i l t  loam . The so i l  p r o f i l e has 
three d i s t .i n. e t r e g i o n s  as d e t a i l ed in t he Bur e a u  o f  R e c l ama t i o n  logs 
in Appe nd i x  B .  They a r e : fr om zer c to t hr ee fee t , g ranular s il t  
l oam ; f r o m  � h r e e  t o  se ven feet , lam i nated s i l t  l oam ; and from seven 
to e l eve n  f e e t , uncons o l i d a t e d  c oa r s e  s i l t  l oam. A lthou gh t he soi l  
ov e r  the e n t i �e p J c:. t  i s  c la s s i f i e d a s  a Be o t ia . s i  1.t l oam , t h e e l e c ­
t r j. ca l c on(! u c t i v  :i t y  o f  t he s a  t u rc:t. t i on ex t ra c t  o f  t h e  s u bs o i  1 from the 
eas t  s i d e i s  a bou t tw i c e  t ha t o f  t he s u bs o i l in t he we s t  par t o f  the 
App r ox ima te Boundary between 
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F i gure 2 .  Experimen ta l P l o t  o f  James Va lley Resear ch 
and Ex tens ion Cen ter 
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F i gure 3 .  Deta i l s  of the Exper imen tal Dra i nage S y s tem 
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plot . F r om u npub l i shed exper imental data ( De Boer , 1973) , it appears 
that th i s  chem i cal d i fference may i nfluence the hyd raul i c  condu c ­
tiv ity value s  o f  the eas t and west s ides of the plot . 
P iezometers a nd Wa ter Tab l e  Pipe 
23 
P iezometers were i nstalled to measure the hydraul ic head around 
the envelo pe s  d u r i ng the d rawdown of the water table ( F i gure 2 ) . The 
piezometers wer e i ns talled by j e t t i ng them i n  with a h i gh p ressure 
pi s ton wate r pump . They were located at d i stances of two and four 
feet away f rom the lines at depths of s i x , seven , e i ght ,  n i ne ,  and 
ten feet below the so i l  sur face. Three repl icat ions of t hese d i s -
tances and depths were p l aced at four locat ions . These dept h s  and 
d is tances wer e  c hosen to enable the author to d raw equ i potentia l l ines 
for the wate r t ab l e  drawdown per iod. 
Water table pipes were i nstalled and used to measure t he phreat ic 
sur face of the water table du ring drawdown ( F i gure 2) . A G i dd i ngs 
soi l sampler was used to dr i l l  holes to approxima tely a n i ne f oot 
depth .  A ten foot lengt h  of schedule 40 P VC pipe perfor ated at s i x  
inch i n t e r v a l s  was p l aced i nto the ho les and backf i lled w i th sand . 
These wa ter t a b l e  p i pes wer e i nstalled a t  distances of 5 ,  10 , 30 , an d  
75 f e e t  away f r om ea c h  dra i n  l ine and also d i rectly above the B and 
C l i nes to w i t h i n  three i nches of the top of the envel ope mate r ial . 
Two b l ow tu bes wer e con s t ructed to measure t he water l evel i n  
bo th the p iezon�e tcrs and t he wat e r t a b l e  p i pes . The se b l ow t ubes 
cons i s te d  o f  a three foo t  length o f  3/ 1 6  inch p l ex i g la s s tub i ng 
conn e c t e d  to a s even foot length of 5 / 1 6 i nch Ty gon t ub i ng . The y  . 
were g radua t e d  i n  feet and t e n t h s  o f  fee t . 
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The p l o t  area was irr igated to rai se t he wat e r  ta b l e  leve l and l eft 
for t hr e e  days t o  a l l ow t he wat e r  tab l e  to come t o  equ i l i b r i um .  The 
sump pumps we r e  t hen s tarted to i n i t iate drain l i ne f low . Wa ter e l e -
vat i o n  measu rements i n  the p i e zome t e r s  and wat e r  t a b l e  p i pe s  we re s t ar t-
ed when t he wat e r  l eve l i n  t he sump dropped be low t he dra i n  l i ne out l e t s .  
Measureme n t s  wer e  taken cont i nuou s l y  for t he f ir s t t hr e e  hour s  a n d  a t  
9 : 00 p . m .  and 1 : 00 a . m .  t he f i rs t  n i ght . Two s e t s  o f  measu r ement s we re 
taken each day dur i ng the f i r s t  wee k  and once a day t he r e a f t e r . Dra i n  
l i ne d i s c ha r g e s  we re measured u s i ng a bucket a n d  s to p  wat ch . The s e  
dra i n  l i ne d i s charge read i ng s  we r e  t aken cont i nuou s l y  f o r  t he f i r s t 
four hour s and wi t h  each s e t  o f  p i e zome t e r  read ings t he re a f t er . 
Hydrau l i c  Condu c t i v i ty Te s t s  
The s aturated hydrau l i c  condu c t i v i ty o f  t h e  p l o t  area was evalu­
ated by two po i n t  me thods ; t he auger ho le and pump - i n . The auge r 
ho le me t h o d  evaluates the saturat e d  hydraul i c  condu c t i v i ty o f  a s o i l 
when a wat e r table is pre sent , wh i l e the pump- i n  i s  u s e d  i n  t he a b ­
sence o f  a wa t e r  table . The l o ca t ions o f  t h e s e  t e s t s  we re c ho s e n b y  
div i d ing t he p l o t  into ten foo t s quare un i t s  a n d  u s i n g  a random num­
ber tab l e to l o ca t e  the s i te s  ( F i gure 4 ) . E i ghteen l o cat i on s  for 
ea ch me t hod we re used , n i ne i n  t he eas t par t and n i ne i n  t he we s t  par t 
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o f  t he p l o t . Ni ne l o c a t i ons were chosen t o  o b t a i n  the mo s t  degrees 
o f  f reedom wi t h i n  t he t ime avai l able for runn i ng t he hydrau l i c  con ­
duc t i v i t y  t e s t s . The te s t s  were run at two depths ; from three t o  
seven fe e t  and f r om seven t o  ten feet be cause o f  t h e  b r eak i n  the 
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so i l  pro f i l e a t  t he s even foo t  depth . Twelve t e s t s  by the auger ho l e  
me t hod wer e r u n  o n  the ba ck f i l l s o i l at t h e  three t o  s even foo t depth . 
These l o ca t i on s  we re a l s o  s e l e c t ed at ra ndom . Bur eau o f  Re c l ama t i on 
pe rs onne l and e qu i pmen t  a i ded in t he actual runn i n g  of these h yd£au ­
l i c  condu c t i v i ty t e s t s . 
The f o l lowing pro ce dure was used to condu c t  t he auger ho l e  t e s t s . 
A mo b i l e dr i l l  r i g  was used to cons truct a s i x i nc h  d i ame t e r  ho l e  t o  
abou t t h e  wat e r  t a b l e . A 2 . 5  i n c h  s o i l c o r e  was t aken from the t e s t  
zone and checke d  t o  i nsure uni form i t y  o f  t he s o i l . A f our i n ch 
d i ame te r h o l e  was then hand augered to t he de s i red dept h be l ow 
the wat e r  tab l e  and a cas i ng made o f  per forated downs pout was i n s e r t ­
ed t o  preve n t  s l ough i ng o f  t he wa l l s . The water leve l was p e rm i t ted 
to come t o  equ i l i br ium and was bai led out to f lus h the s o i l  pores . The 
water was aga i n  pe rm i t te d  to come to equ i l i br i um and was ba i l ed out 
once mo re . A s to pwat c h  was s tar ted at the ini t i a t i on o f  the s e cond 
bai l ing . A f l oa t  apparatus wa s inser ted i n  the au ger h o l e  and wat er 
l eve l s  r e c o r d e d  o n  a s t r i p  chart ever y 1 5  se cond s ( F i gu r e  5 ) . The 
rat e of wa t e r  r i s e  in t he ho l e  was recorded from t he c ha r t s and used to 
Fi gure 5 .  Mea surement o f  Water Tab le Elevations f or t he Auger Hole 
Met hod 
F i gure 6 .  Equ i pmen t U sed for t he P· 1mp-in Method 
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ca l cu l a t e  t h e  hydrau l i c  c onduct i v i t y by the me t hod de s c r i bed by 
W i nger ( 1960 ) .  
The f o l l ow i n g  procedure was used for the pump - i n  me t hod . The 
mob i le d r i l l  was u s e d  to d r i l l  a ho le to the t e s t d e p t h . S o i l  core 
samp l e s  were taken and c he cked for s o i l  u n i formi t y . A four i n c h  
d i ame ter ho l e  was the n hand au ge red and t he s i de s s c r a t c he d  t o  re -
move any s ea l i n g  e f fe c ts t he auge r i ng may have c au s e d· . The cas i n g  
was i ns e r te d  t o  prevent t he wa l l s  from s l ough i ng i n . The f l oa t  ap -
paratus was p la c e d · i n  the cas i n g  su ch tha t  a cons t an t  two f o o t head 
of water wou l d  be ma i n ta i ned . · A re c order was us ed to meas u r e  wat e r  
i n .f l ow l'a te v e r s u s  t iu 1e:  0-' i gure C ) . From t he s e  data t h e  hyd:::- au l i c  
conduc t i v i t y o f  t h e  s o i l was determi ned . P i l o t  ho l e s  were a l s o  
dr i l led t o  l o c a t e  the wa ter table leve l . The e f fe c t  o f  the wat e r  
table o n  t he ra te o f  i n f l ow was eva luated and u s e d  t o  ad j u s t t h e  
hydrau l i c  c ondu c t iv i t y  value s . S ee Wi nger (1960 ) for mo re d e tai l s  
about t h� s  me t ho d . 
The d r a i n  l i ne hydrau l i c condu c t i v i t y  value s we re found u s i n g  a 
dra i nage s pa c i n g  e quat i o n , d ra i n  l i ne d i s charge s , wat e r  table e le -
vat i ons , and t he s y s tem ge ome t ry ( F i gure 7 ) . Van S c h i l f gaar d e ' s  
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equa t i on (1970) wa s used t o  calculate the hydrau l i c  c o nduc t i v i t y  where 
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and K i s  t he hydrau l i c  condu c t iv i ty , · s  i s  the dra i n  l i ne s pa c i ng , m0 
i s  t he m i dp l an e  water tab l e  he i g ht at t he s tar t o f  drawdown , and mt 
i s  t he m i d p l ane water tab l e  he i gh t  at t ime t .  The dra i nab l e  
poro s i t y i s  s ymbo l i zed b y  f and was found b y  d i v i d i ng t he wat e r  d i s -
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charge v o lume b y  t he vo lume o f  s o i l  dra i ned . The equ i v a l e n t  dept h , 
de , was found b y  ad j u s t ing the depth to t he impermeab l e  layer , d ,  
a ccor d i ng t o  graphs fou nd i n  Lut h i n  ( 1 9 6 6 ) . Dat a  from t he d r a i n  l i ne 
s hown a s  l i ne B i n  F i gure 2 we re used s ince i t  i s  t he o n l y  l in e  w i t h  
a symme t r i ca l  f l ow reg i on o n  bot h  s i des o f  t he dra i n . 
Enve lope I n s pe c t i on 
S ix p i t s  a t  t he l o cat i ons s hown in F i gu re 8 we re e x cavat e d  for 
inspe c t i on of t he e nve l ope ma t e r i a l s  when the wat e r  t ab l e  droppe d  be ­
low t he d ra i n  l i nes . The y were excava ted by a bac khoe t o  approximate l y  
s ix i n ches above t he l ines . A t r ench three feet d e e p  was a l s o  exca-
vated a l on g  one s i de of t he dra i n  l i nes . The rema i n i ng s o i l ove r t he 
enve l ope mat e r ia l  was care fu l l y  removed by hand . Twe n t y  grav e l s amp l e s  
from t he e nve l opes around t he l i nes were taken f r om t he top , s i des , 
�nd bo t t om o f  t he l i nes near a d ra i n  l i ne j o i n t . F i be r g la s s s amp l e s 
from be low t he dra i n  l ines we r e  al s o  taken a t  s ix j o i n t s . 
The grave l e n v e lope samp l e s  we re oven d r i e d  f o r  t we n t y ­
four hour s . The s e  samp l e s  we re me chani ca l l y  ana lyzed by a 
s i eve s haker dev i ce t o  obta i n  a par t i c l e  s i ze d i s t r i bu t i on . 
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F i gu r e  8 .  Expe r imenta l P l o t  Area S howi ng Lo c u t i on s  of 
t he S i x Env e l ope I n sp e c t i on P i t s 
: n  
The hydrau l i c  conduct i v i t y  o f  the f i berg las s s amp l e s  was eva l ­
uated b y  u s e  o f  a c ons tant head permeame t e r  ( B la ck , 1 9 65 ) . Samples 
wi th a cros s - s e c t i ona l  area o f  abou t s even s quare c en t i meter s we re 
u s ed because of the h i gh hydrau l i c  condu c t i v i t y  of t he s amp l e s . 
The t e n s i le s t rength o f  the f i berg las s samp l e s  was e va luated 
by d i r e c t l y  l oad i ng a sample . A narrow s t r i p  of f i be r g lass was cu t 
and c l ampe d  on two end s . A contai ner was at tached to one c l amp w i th 
the f i be r g l a s s  u s ed as a d i r e c t  support i ng member . We i g h t  was added 
by s l owly pour ing f i ne sand into t he conta i ner un t i l the f i be r g l a s s  
s tr i p  fai l e d . The con ta i ner w�s we i ghed and the we i g h t  ad j u s ted t o  
a uni t w i d t h  o f  t he f i be rg las s s t r i p . 
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RES ULTS AND D I S CUS S I ON 
The d i s cus s ion and ana l ys i s  o f  the r e su l t s  w i l l  be d i v i ded i n to 
two ma i n  un i t s ; hydrau l i c  conduc t iv i t y  resul ts and the r e s u l t s  of the 
exper i me n ta l env e l ope s tud i e s . 
Hydrau l i c Condu c t i v i ty Resu l ts 
F i e l d  measurements o f  the sa turated s o i l hydrau l i c  condu c t iv i t y 
we re mad e dur i n g  t he summe r o f  1 9 7 3  by the pump - in and au ger ho l e  
me t h od s . Ta b l e  2 shows the ave rages o f  the au ge r ho l e  and pump � i n  
te s t  r e s u l t s . I t  can be noted that the ave rage pump - i n  va l ue s are 
l owe r t a n  t he ave rage au ger hole values and the ra t i o of the pu mp -
in va l ue s  t o  the au ger h o l e  va lue s  i s  appr ox ima te l y  0 . 5 0 wh i c h agre e s 
wi t h  t h e  Ta t i o  o f  0 . 5 0 found by Ta l s ma 0 9 60 ) . The hydrau l i c  con -
du c t i v i t i e s  were grea t e r  for the east s i de than for the we s t  s i de . 
Table 2 .  Ave rage Hydrau l i c  Condu c t i v i t i e s  ( f t /day ) by t he Auger Hol e  
and Fump - i n  Me thod s for t h e  Eas t and We s t  S id e s  o f  t he 
Expe r imen ta� Ar ea 
- -
Dep t h  
( ft ) 
3 --7 
" ,... 
,'"'i - ( 
3 ·-7 
7 - 10 
7 - 1 0  
7-10 
--
S i de 
Eas t 
We s t  
Ave rage 
Ea s t  
We s t  
Ave rage 
Pump - in Auger Ho l e  Rat io 
1 . 1 8 2 . 06 0 . 5 7 
0 . 70 1 .  78 0 . 3 9 
0 . 9 4 1 . 92 o ._ 49 
1. 9 0  
1 .  6 8  3 . 36 a ) 0 . 5 0 
1 .  7 9  
a )  Average o f  f i ve t e s t s , a l l  t he o t he r s  a r e  ave r age s o f  n i ne te s ts 
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The au ger h o l e  te s t s  a t  t h e  sev e n  t o  t e n  foot d e p t h  we re no t comp leted 
be cau s e  s a t u r a t P d  s o i l  cond i t i ons cou l d  not be ma i n ta i ne d . A c omp l e te 
l i s t i ng o f  t he hyd rau l i c  conduc t iv i t y  data i s  g iven i n  Append ix C .  
The h y d r au l i c  c onduc t iv i ty data were s tat i s t i ca l l y ana l y zed by an 
anal y s i s  o f  var i ance as summar i ze d  in Ta ble 3 .  Two s ou r c e s  o f  var i -
a t ion had s ta t i s t i ca l l y  s i gni f i cant F values . The me t hod o f  measur e -
men t  wa s s i g n i f i can t a t  t he . 0 1 l eve l and the d e p t h  o f  measureme n t  was 
s i gn i f i ca nt a t  t he . 05 leve l . Th i s  ind i cates t ha t  t here i s  a s i gn i f -
i cant d i f ference �e tween 
'
the r e su l t s  of the pump - i n  a nd auge r ho l e  
me thod s . Th e r e  i s  a l s o  a s i gn i f i cant d i f ference be t ween the r e s� l t s  
o f  t he t h r e e  t o  s even foot and the s even t o  t e n  foo t r e g i ons o f  � e  
soi l pro f i l e . The ana l y s i s  i nd i ca te s  tha t  no s tat i s t i ca l l y  s i gn i f -
l eant d i f f e r e n c e s  ex i s t s  between the hydrau l i c  condu c t i v i t y  v a lues o f  
the s o i l s  found i n  t h e  eas t and we s t  s i des o f  t he expe r ime n t a l  area 
even t hou gh the av e ra ge we s t  s ide value s were l owe r  t han t he ave ra ge 
eas t s i de va l u e s  a s  shown i n  Table 2 .  No intera c t i on s  we r e  s tat i s -
t i ca l l y s i gn i f i cant . 
Dra i n  l i ne h yd ra.u l i c condu c t i v i t ie s , s hown in Tab l e  4 ,  were 
evalua t ed for d ra i n  l i ne B ove r a s ix year pe r iod . The eas t s i de o f  
the p l o t  had a sma l ler ave rage va lue thari t he we s t  s i d e . The value s  
do no t  show a t r end wi t h  t ime ; there fore i t  appear s t ha t  t he cond i t i on 
of the dra i nage s y s tem is � tab le . Dra i n  l i ne hydrau l i c  condu c t iv i t i es were 
ca lcu lated f rom the dra i nable poros i ty values and wa t e r  ta b l e  e l evat ions 
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Ta b l e  3 .  Ana l y s i s  o f  Var i ance for tne Pump - in and Aug e r  Ho le Me thod s 
Hyd r au l i c  Condu c t i v i t y  Resu l t s  
Sour ce D . F .  Sum o f  Squar e s  Mean S quare F 
Me thod 1 2 89 . 86 2 89 . 8 6 7 . 4 1 * *  
S id e  1 2 . 70 2 . 70 0 . 0 7 
Dep t h  l 1 47 . 64 1 4 7 . 6 4 4 . 0 6 * 
Me thod x S i de 1 2 . 76 
Me t hod x De p t h  l 6 7 . 8 3  
S i d e  x Dep t h  1 1 1 . 7 5  
Er ror 5 2  1 8 9 3 . 0 7 
Tota l 5 8  
* *  S i gn i f i cant a t  t he . 0 1 leve l 
* S i gn i f i cant at t he . 05 l eve l 
2 . 7 6 0 . 0 8 
6 7 . 8 3 l .  8 6  
1 1 . 7 5  0 . 32 
3 6 . 4 1 
us ing van S c h i l f gaarde ' s  equat ion and t he me t hod out l i ned i n  t he pro c e -
dure . The va l i d i ty o f  t he drain l i ne hydrau l i c  condu c t i v i t y  va lue i s  de -
pend e n t  on t he re l ia b i l i t y o f  the d ra i na b l e  poros i t y va l ue s . The sur -
face o f  the wa t e r  table was usua l ly from t hree to s ix fe e t  be l ow t he 
so i l  sur face wh i l e the d r a i n  l i ne values were be i ng evaluated . Wa ter 
tabl e s  were not o b s e r v e d  d ir e c t ly over t he drain l ine s a f t e r  a bou t 
four hour s  from the in i t ia t i on o f  drawdown dur i ng the 1 9 7 3  data co l -
.lec t i on pe r i od . 
Tab l e  5 s hows t he ana ly s i s  o f  var iance for the d r a i n  l i ne hydrau -
l i e conduc t iv i t y data . Ther e  i s  a s tat i s t i ca l l y  s i gni f i can t  d
i f fe r -
ence be twe en t he res u l t s  for the eas t and we s t  s id e s  o f  t he p l o t  area .  
Thi s i s i n  con t ras t  t o  resu l t s o f  the pump - i n  and auger h o l e  t e s t s  
Whi ch d i d  not s how a s tat i s t i cal ly s i gni f i ca n t. d i f fere nce be twee n 
Tab l e  4 .  Dra i n  L i ne Hy drau l i c  Conduc t iv i t ie s  ( ft/day ) and D r a i nab l e  
Poros i t i e s  f o r  t he Three to Ten F o o t  S o i l P ro f i l e Re g i on . 
Ea s t  S i de We s t  S i d e  
Date Drainable Hydrau l i c  Dra i nab l e  _Hydrau l i c  
Poro s i t y Conduc t i v i t y  Poros i t y  C ondu c t iv i t y 
Ju l y  1 9 6 8  0 . 0 30 0 . 89 0 . 0 3 7  0 . 8 6 
Augu s t  1 9 6 8  0 . 0 3 0  0 . 9 4 0 . 0 3 3  1 . 2 6  
Au gus t 1 9 6 8  0 . 02 9  0 . 85 0 . 0 4 5  0 . 8 4 
Augus t 1 97 0  0 . 0 1 8  0 . 8 4 0 . 02 5  1 . 2 0 
Sep tem ber 1 9 7 1  0 . 0 3 5  0 . 9 3 0 . 0 4 1  1 . 0 9 
Oc tober 1 9 72 0 . 02 6  0 . 7 9 0 . 0 3 5  1 . 2 1 
Augu s t 1 9 7 3  0 . 0 1 6  0 . 7 7  0 . 0 32 1 . 1 0 
Ave rage 0 . 02 6  0 . 8 6 0 . 0 3 5  1 . 0 8 
the r e su l t s  for t he eas t and we s t  s i des . S i nce the we s t  d r a i n  l i ne 
value s r e pre s e n t  the we s t  so i l  and t he f i berglas s - grave l e nve l ope 
comb i na t i o n  and t he eas t values represent the eas t s o i l  and t he a l l  
grav e l  e nve l ope c omb i na t i on , i t  i s  not po s s i b l e  t o  make any s tat i s -
t i c a l  c o nc l u s i on s  regard ing the i n f luence of t he two e nv e l ope s on 
dra i n  l i ne hydrau l i c  conduc t iv i t i e s . However, i f  i t  i s  a s s umed t here 
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i s  no d i f ference i n  the eas t and we s t  soi l a s  i nd i ca t e d  by the ana l y -
s i s  o f var i ance i n  Tab l e  3 ,  then the d i f ference i n  t he d ra i n  l i ne 
values c an be a t t r i buted to the d i f ferent enve lope s . Ther e fo r e  the 
combi na t ion grav e l and f i berg las s enve lope appears t o  hav e be t te r  
hydrau l i c  c hara c t e r i s t i cs t han t h e  a l l  grave l � nve l op e . 
Table 5 .  Ana l y s i s  o f  Var i ance for the Dra i n  Line Hyd r au l i c  Con - · 
du c t i v i ty Va l ue s  
Source 
S id e s  
Error 
Tot a l  
D . F .  
l, 
1 2  
1 3  
Sum o f  Squares 
0 . 1 7 1 6  
0 . 1 9 5 9  
* *  S i gn i f i can t a t  t he . 0 1 l eve l 
Mean S quar e 
o'.  1 7 1 6  
0 . 1 6 3  
F 
1 0 . 5 3 * *  
Tab l e  6 s hows a compar i son among the average hyd r a;1 l i c  conduc -
t iv i t i e s by the au ger ho l e , pump- in , and drain l i ne me t ho d s  f o r  t he 
three to t e n  foot d e p t h . The au ger hole value was t he l a r ge s t  and 
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the dra i n  l i ne v a lue the sma l l e s t . The auge r ho l e  and pump - i n values 
we re 2 60 and 1 40 pe r cent o f  the dra i n  l i ne value, r e s pe c t ive l y . The 
pump - i n  va lue r e p r e s ent s the average of 3 6  te s t s  and t he auger ho l e  
value repre s en t s  the av erage o f  2 3  te s t s . The d r a i n  l i ne value i s  t he 
average o f  t he data s hown i n  Ta b l e  4 .  
Ta bl e 6 .  Av e rage Hydrau l i c  Condu c t iv i t ie s  ( f t/day ) f o r  t he Pump - in , 
Au ger Ho l e , and Dra i n  Line Me thods 
Dep th 
( f t ) 
3 - 1 0  
Pump - i n  
1 .  3 8  
Au ger Ho l e  Dr a i n  Li ne 
2 . 6 4 0 . 9 7 
The au g e r  ho l e  me thod was a l s o  used on the ba c k f i l l  s o i l to a s -
se s s  the pos s i b l e  d i fference be tween the hydrau l i c  c ondu c t i v i ty o f  
t he u nd i s tur bed and d i s tu r bed ( back f i l l )  s o i l s . The data from t he s e  
te s t s  a r e  shown i n  Ta ble 7 .  
Tab l e  7 .  Hyd rau l i c  Condu c t i v i t y Va l ue s  ( f t/day ) f o r  t he Auge r Ho l e  
Me t hod a t  t h e  Three t o  Seven Foot Dep t h  
Eas t S i d e  We s t  S i de 
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Ba ck f i ll Und i s turbe d  Back f i l l  Und i s tu r bed 
0 . 09 1 .  42 0 . 2 5 2 . 7 6 
1 .  9 8  5 . 12 0 . 0 7 0 . 4 1 
0 . 5 6 2 . 4 4 0 . 85 3 . 0 6 
4 . 82 1 . 0 7 0 . 04 0 . 3 3 
0 . 5 0 1. 92 0 . 4 6 1 . 2 3  
C . 6 1 1 .  92 1 . 1 8 1 .  7 3  
3 . 0 4 3 . 2 0 
0 . 5 5 1 .  3 5  
1 . 00 1 .  9 5  
1 . 4 3 2 . 0 6 Average 0 . 47 1 . 88 
The ave rage hydrau l i c  condu c t iv i ty for bo th backf i l l  s o i l s i s  0 . 9 5 as 
compared to 1 . 9 7 for bo t h  und i s turbed so i l s . One o f  the eas t s i d e  
back f i l l v a lues i s  4 . 8 2 fee t per day . Th i s  va lue cau s e d  a lar ge i n -
crease i n  t h e  ave rage e a s t  s i de back f i l l  va lue and i n . t h e  ove ra l l 
back f i l l  aver a ge . The anal y s i s  o f  va r iance for the s e  d a ta i s
 shown 
i n Ta b l e 8 .  The term , c ond i t i on , r e fers to the cond i t io n  of t he s o i l , 
backf i l l  o r  und i s tu r bed .  None o f  t he gour ces o f  va r ia t i on -we r e  s hown 
·. 
to be s tat i s t i ca l l y  s i gn i f i cant . There fore i t  can be as s umed that 
the bac k f i l l  s o i l is no t d i f ferent from t he und i s tur bed s o i l a s  i s  
as sumed i n  t h e  dev e l opme n t  o f  mos t  d r a i nage des i gn e qua t i on s . 
Tab l e  8 .  Ana l y s i s  o f  Var iance for the Hydrau l i c  Condu c t i v i ty Re ­
su l ts on the Backf i l l  and Und i s tu r bed S o i l s  by t he Auger 
Ho l e  Me t hod 
Sour ce D . F .  Sum o f  Squar e s  Mean S quar e F 
S ide 1 3 8 . 3 1  3 8 . 3 1 1 . 05 
Cond i t i o n  1 44 . 3 8 4 4 . 3 8  1 . 2 2 
S ide x C o nd i t i o n  1 9 . 8 6 9 . 8 6 0 . 2 7  
Erro r  2 6  945 . 8 6 3 6 . 3 8 
Total 2 9  
Expe r i menta l Enve J ope R e s u l t s  
The t wo e x pe r i me nta l enve lopes we re i nve s t i gated by two d i f fe r -
ent me t hods . P i e zome ters wer e  used t o  measure t he hydrau l i c  h ead o f  
the wat e r  i n  t he s o i l surround ing the enve l ope s du r i ng d rawdown t o  
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de te c t  pos s i b l e  f l ow res i s tances caused b y  t he enve lope ma t e r i a l . The 
se con d me tho d wa s to v i sual l y  observe the e nve lope s in t he i r  natural 
s t ate and c o l l e c t e nve lope samp l e s  for laboratory ana l y s e s .  
P i e zome t e r  data c o l l e c t e d  dur ing drawdown o f  t he wat e r  t a b l e  was 
used t o  d e t erm i ne t he hyd rau l i c heads ( Append ix D ) i n  the und i s t ur bed 
so i l  adj a ce n t  to t he d ra i n  l i nes . The se hydraul i c  head values used 
t he bo t t om of t he dra in a s  t h e  re ference p l ane wh i ch had a hydr au l i c 
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head of zero . I f  the env e l ope ma terial  was res t r i c t i n g  f l ow , t h i s  
wou l d  cau s e  an i nc r ease i n  t he hydrau l i c  head o f  wat e r  surrou nd i ng t he 
dra i n  l i ne . I t  was as sume d that by measur i ng t h e s e  po s s i b l e  d i f fe r -
ences i n  h y d r au l i c  head tha t  f low res i s tances caus ed by t he e nve l ope 
mate r i a l s  wou l d  be d e t e c ted . 
The p i e zome t r i c  data were t rans formed into a d imen s i on le s s  rat i o  
( Append i x  E )  whe r e  a ze ro value represents a zer o  hydrau l i c  head at 
the e l evat i on of the drain l i ne and a one value r epres e n t s  t he hy ­
drau l i c  head a t  t he i n i t i a t i on o f  drawdown . The h y d r au l i c  head rat i o  
was u s e d  i ns t ead o f  t he a c tua l hydrau l i c  head be cau s e  t he i n i t ia l  
hydrau l i c  head was no t a cons tant for a l l dra i n  l i n e s . Hence the 
rat i o  was u s ed t o  prov i de a common bas i s  for data a na l ys i s . The 
average i n i t i a l  hy d rau l i c  head s for the SW , NW ,  S E , and NE p i e zome ter 
banks we re 3 . 6 8 ,  3 . 3 3 ,  3 . 5 6 ,  and 2 . 8 1 fee t o f  wate r , r e s pe c t i v e l y . 
F i gu r e  9 s hows the t ime per iods du r i ng wh i ch p i e zome t e r  measure ­
ment s were made . Each s e t  o f  piezometr i c  meas u reme n t s , wh i ch i n c ludes 
one r eadin g  of e ach p i ezometer , i s  re pre sent e d  by a s hade d r e c tang l e . 
Dur i ng the e a r l y  par t  o f  the drawdown , two peo p l e  we re mak i ng meas u r e ­
ments wh i c h a c count s f o r  t he over lap of measuremen t  s e t  one , t wo , · and 
three . The o b j e c t i ve of t he exper i me nt was to col l e c t  hydrau l i c  head 
data t ha t  c ou l d  be s ta t i s t i ca l l y  ana lyzed to d e t e c t  d i f fe rence s in t he 
hydrau l i c  hea d s  i n  t he s o i l surround i ng the exper i me n t a l  e nv e l opes 
dur ing dra�down . Each p i e zometr i c  measurement i s  r e l a t ed t o  t i me ; 
t here for e  i t  was d e s i r a b l e  to e l iminate t ime as a. var ia b l e  t o  fa -
ci l i t at e ana l y s i s  o f  t he da ta .  
Time· 
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The ba s i c  pro cedure used to remove t he e f fec t o f  t ime was t o  
deve l op leas t s qua res po l ynomial regres s i on re l a t i on s h i p s  t h a t  we r e  
u s e d  t o  adj u s t  t he d a t a  to f ive common t ime s as s hown i n  F i gu r e  10 . 
Append ix F conta i n s  t he po l y nomia l regres s ion equa t i on s  and Append ix G 
s hows a c ttia l p l o t s  o f  t he data and the regre s s i on l i n e s . F i gu re 9 
also s hows t he t ime inte rva l s  assoc iated with each common t im e . The 
overal l s ta t i s t i ca l  pro cedu re used to ana l yze t h e  h y d rau l i c  head 
rat i o  data i s  s i m i l ar in concept to covar iance s i nce i t  ad j us t s  t he 
data w i t h  r e s pe c t  t o  t ime and pre s erve s the exper i me n t a l  e r r o r  as -
soc iated w i t h  t h e  data . 
The s e  A d j t � s ted hydrau l i �  hea d  rat i o s wer e  ana l y zed by f j ve 
separate ana l ys e s  o f  var i ance , one for each o f  t h e  f i v e  t ime b l o cks . 
The da t a  f r om t h e  s ix foot p i e zomet ers we re no t u s e d  i n  t h e s e  ana l y -
ses be cau s e  t he wa ter l eve l dropped be low the p i e zome t e r  s oon a f t e r  
ini t ia t i on o f  d rawdown . F v a l u e s  for t h e  enve lope cont r i but i on t o  
t he total var i a t i on we re compu ted and are shown i n  Tab le 9 .  A c om -
plete l i s t i ng o f  t he ana l y s e s  o f  var iance i s  g iven i n  Append i x  H .  
Tab l e 9 .  F Va l u e s  for t he Enve l ope Cont r i bu t ion t o  t h e  Tot a l  
Var i a t i on f o r  t he F ive Bl ocks o f  P ie zome t r i c  Data 
T i me 
( m inu te s ) 
2 1  
7 6  
1 5 0  
4 60 
745 
* S i gnif i can t  a t  t he . 0 5 l eve l 
F Va lue 
6 . 6 * 
2 . 9  
2 . 4  
1 . 2  
1 . 0  
0 
·r-i 
0 
. 
r-1 
00 
0 
� <.O cd • 0::: 0 
'O rv � ::i::: 
(.) � 
•r-i • 
rl 0 ::s cd � 'O :>-. � CN 
0 
'ib � 
� � 
� �  
I 
I 
I 
I 
Regre s s ion 
Curve 
� 
I Common Time 3 
� 
I 
I 
I 
() F i r s t Rep l i cat ion 
S e cond Repl i cat i on 
+- Th ird Rep l i ca t i on 
[J Ad jus ted Va lue 
QE-e+ 
I 
I 
I 
I 
I 
I 
I 
I 
600 700 T 5 800 
Time - Minute s  after S tart o f  Drawdown 
F i gure 1 0 .  I l lus trat ion o f  Hydrau l i c  Head Rat i o  Ad jus tment Procedure 
.� 
C,J 
44 
The F va l ue for the e nvel ope component o f  t h e  t o t a l  var iat i on 
was s tat i s t i ca l l y  s i g n i f i cant dur i ng the f i r s t  t ime per i od . The 
later t ime per i ods d i d  not hav e s tat i s t i ca l ly s i gn i f i ca n t  F value s . 
Th i s  i nd i c a t e s  a d i f ference in the hydrau l i c  cha r a c t e r i s t i c s o f  the 
two e xpe r i me n t a l  e nve l opes dur ing the i n i t ial deve l o pme n t  of a wat er 
table , bu t t h i s  d i f ference dec reased wi t h  t ime . The grave l and f i be r -
g las s comb ina t i on enve l ope usua l l y  had l owe r hydrau l i c  head ra t i o s  
than the a l l  grave l e nve lope . 
Tab l e  1 0  s hows the F va lues for t he other ma i n  s ou rc e  o f  v�r i -
at ion ; s o i l d i f fe r ence , de pth o f  t he piezome te r s , r e p l i cat i on , and 
l�tcr al d i s tan ce ��y from t he dr a i n  , . � i ne . I t  shou l d  b �  no t e d t ha t  
t here i s  not a genera l t rend i n  the s e  F va lues f o r  a n y  o f  t he s e  
sour c e s o f  var i a t i on . S o i l d i ff erence , wh i c h i s  t he d i f ference 
betwee n  t he s o i l  on the eas t and we s t  s i des o f  the p l o t , was s i gni f -
i cant f o r  t he f i r s t  three t ime b l ocks . The hydrau l i c  head r at i os for 
the wes t  s o i l  wer e  usua l ly lowe r t han the value� for t he eas t s o i l . 
The dept h  was s ig n i f i cant for al l f ive t ime b l o cks t hus i nd i ca t i ng 
ther e was a hydrau l i c  head d i f ference due to p i e zome ter d e p t h  wh i ch 
s hou ld be expe c t e d .  The re p l i ca t i on and d i s tance s ou r c e s  o f  var i -
at ion were 110 t s ta t i s t i cal l y  s i g n i f i can t for any o f  t he f ive t ime 
b locks . 
S i x  p i t s  we r e  excavated to the dra i n  l i ne s for t h e  i n s pe c t i on o f  
the enve lope s . The t h i ckne s s  o f  t h e  grave l around t he l i ne s  var i ed 
Tab l e  1 0 . F Va lues for t he So i l , Dep t h , Repl i ca t i on , and D i s tance 
S ou r c e s  o f  Var iat ion for t he F i ve Time Blocks 
Time ( mi nu t e s ) Sou r ce 
S o i l  Depth Re p l i cat i on
. 
D i s
.
t ance 
2 1  5 . 7 * 9 . 7  * * *  1 . 4 . 0 . 4 
7 6  7 . 7 * * *  3 1 . 9 * * *  0 . 4 0 . 5  
1 5 0  1 1 . 6  * * *  1 7 . 4  * * *  1 . 6  0 . 7 
4 6 0  1 .  9 3 . 9  * o • . 6 1 . 2  
745 2 . 5  3 . 6  * 0 . 6 0 . 9 
* * *  S i g n i f i cant at t he . 0 05 l eve l 
* *  _S i g n i f i can t  a t  t he . 0 1 l eve l 
* S i gn i f i can t a t  t h e  . 0 5 level 
from abou t one inch to mor e  t han t hree inche s . The g r av e l mat e r i a l  
appeared t o  be cohe s ive be caus e i t  d i d no t fa l l  away f r om t he s i de s  
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and bot tom o f  t he d r a i n  l i nes . The ·grave l d i d  not s eem t o  be en crus ted 
on t h e  l i nes ; however minor encrus tat ions we re found on one j o i nt ou t 
of t he 1 7  i nspe c t ed . The f i berg las s s heet appeared unbroken and i n  
good cond i t ion fo r t he ent i r e leng t h  observed . I t  wa s i ns pe c t e d  i n  t he 
f i e l d  under a l Ox magn i fy ing g l as s and s o i l was not o b s e rved i ns ide 
of t he f i be r g las s s he e t  but on ly on the edges . The f i be r glas s was 
more d is co l ored w i t h  s o i l  par t i c l e s  around t he j o i n t s  t ha n  be tween 
the j o int s .  Overal l ,  t he enve lo pe mat e r ia l s  appear ed t o  be i n  good 
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c ond i t ion a n d  wer e  prov i d i ng adequ�te pro t e c t ion for t he d r a i n  l i ne s . 
Movemen t  o f  t he s o i l and env e l ope ma t e r i a l  into t he dra in l i nes was 
not no t e d . 
Twe n t y grave l samp l e s  we re co l l e ct e d  du r i ng t he f i e l d i n ­
s pe c t i o n  and we re t e s ted i n  t he l a boratory for par t i c l e  s i ze d i s -
t r i bu t i on .  The re su l t s  o f  t he s e  me chan i cal ana l ys e s  are s hown i n  
F i gure 1 1  and Appendix I .  T h e  curves f o r  t he t o p , s i d e , and bot t om 
are t he ave rage o f  twe lve , f ive , and three s ampl e s , r e s pe c t i ve l y . 
A l l o f  t he par t i c l e  s i ze d i s t r i bu t ions var i ed cons i de ra b l y  among t he 
sampl e s . The b o t t om curve had t he coarse s t  par t i c l e  s i ze d i s t r i bu t ion 
wh i l e the s i de h ad t he f i ne s t  par t i c l e s i ze d i s t r i bu t i on . 
F i gure 1 2  shows t he average gradat ion curve o f  t he twe n t y  
samp l e s  a s  compared to t he o r i g i na l  enve lope grada t io n  curve as 
s hown by Bu c k s  ( 1 9 6 8 ) . I t  s hou l d  be noted t ha t  t he s amp l ed 
grave l mat e r i a l  was coar s e r  t han the or i g i na l  grave l e nve l o pe 
for t he upper 9 5  pe rcent o f  t h e  curve . The l owe s �  f iv e  per cent 
of t h e  curve s hows t ha t  t here ha s been i nf low and e n t r apme n t  of  
t he bas e ma t e r ia l  wi t h i n  t he d r a i nage envel ope . The f i e l d s amp l e  
curve s hows a l arger pe rcentage o f  f i ne par t i c l es t han t h e  o r i g ­
i na l  curve d oe s . 
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S ix f i be r g l a s s samp i e s  taken from und e rnea t h  t h e  d r a i n  l i ne s 
we re take n i n t o  t he l aboratory and tes ted to eva luate .t he hyd r au l i c  
conduc t iv i t y  and t e ns i l e  s t rength . The hydrau l i c  c ondu c t i v i t y  wa s 
eva luated by u s e  o f  a cons tant head pe rmeame t e r . The hydrau l i c  c o n -
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duc t iv i ty of t he f i e ld samp l e s  r anged from 0 . 1 0 9  t o  0 . 5 1 4 c e n t ime ters 
pe r s e cond w i t h  an ave r age o f  0 . 2 7 7 cent ime t e r s  per s e c o nd ( Append ix. 
J ) . The v a lu e s  for the cont rol samp l e  wh i ch was a s e c t i on o f  t he 
f i e ld e nve l ope f i be r g l a s s  s hee t s tored i n  t he Agr i cu l tu r a l  En g i ne e r -
ing Bu i l d i ng s in c e  1 9 6 7  we re 0 . 3 1 5  to 0 . 6 32 ce nt ime t e r s  p e r  s e c ond 
wi t h  an ave r age of 0 . 4 3 1  cent ime ters per second . The r e s u l t s  o f  the 
an� lys i s  o f  var i a n ce for t he f i be r g las s hydrau l i c  condu c t i v i t y  d ata 
i s  shown in Ta b l e  1 1 . The t reatment sour ce o f  var iat i on , wh i ch i s  
the used f i be r g l a s s  shee t a nd the contro l she e t , wa s s i gn i f i cant , 
wh i ch i nd i cat e s  t he re i s  a d i fference i n  t he hydrau l i c  c ondu c t iv i t y  
va lue s f o r  t he s e  two t r eatment s .  
Tab l e  1 1 . Ana l y s i s  o f  Var iance on the F i ber g l a s s  Hydrau l i c  
C ondu c t i v i t y  Da ta 
Source D . F .  Sum of S quares Mean S quare 
Treatmen t  1 0 . 09 4 3  0 . 0 94 3  
Error 3 0  0 . 30 3 1  0 . 0 1 0 1  
Tota l 3 1  
* * *  S i gn i f i can t a t  t he , 0 05 l eve l 
F 
9 . 3 3** * 
5 0  
Dur i n g  t he co l l e c t ion o f  the f i e ld f i be r g l a s s  samp l e s  i t  was 
noted t ha t  the f i be r g las s seemed to r ip very eas i l y . F o r  t h i s  reason 
the tens i le s t rength o f  the samp l e s wer e  c he cked and c ompared w i t h  
the t e ns i l e s t re n g t h  o f  a n  unused samp l e . The f i e l d  samp l e s  had a 
tens i le s tr e n g t h  ran g i ng from 1 00 . 0  t o  9 1 9 . 8  grams per cent i me t e r  o f  
w i d t h  w i t h  a n  ave rage o f  4 7 9 . 1  grams/cm . The unu s e d  f i be r g las s had a 
tens i l e s tr e n g t h  i n  t he range o f  6 12 . 8  to 9 1 7 . 5 grams/cm . and a n  
average o f  7 8 3 . 2  grams /cm . The f i e ld samp l e s  had a n  ave rage tens i le 
s tre ngth o f  G l  pe r cent o f  t he cont r o l  f i ber glas s s amp l e . Tab l e  1 2  
shows the r e s u l t s  o f  a n  ana lys i s  o f  var i ance on t h i s  tens i le s t rength 
da ta ( Appe n d i x  J ) . The treatment s ource o f  var i at i on wa s s i gn i f i cant 
at the . 0 1 lev e l , wh i ch ind i cates a s tat i s t i ca l l y  s i gn i f i cant d i f -
ference be tween t h e  tens i l e s t rength o f  the f i e l d  and contr o l  ( unused ) 
f i be r g las s samp l e s . 
Tab l e  12. Ana l ys i s  of Var i ance for t he Te ns i l e S t rengt h of t he 
F i be r g las s 
Source D . F .  Sum o f  S quar es Mean Square F 
Treatment 1 3 82 6 7 1 . 05 3 82 6 7 1 . 0 5  8 . 45 
Error 2 7  122 32 1 5 . 9 8 4 5 3 0 4 . 30 
Total 2 8  
** S i gn i f i cant a t  t he . 0 1 leve l 
* * 
. ....... 
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S UMMARY AND CONC LUS I ONS 
Summary 
The s a turated hydrau l i c  condu c t i v i t y  o f  t he s o i l w i th i n  an ex-
pe r imental p l o t  area a t  t he James Va l l ey Re sear c h  and Ex tens i on Cen-
ter was measured dur ing t he s umme r  o f  1 9 7 3  by the pump - i n  and auger 
hole me thods . D r a i n  l i ne hyd rau l i c  condu c t i v i t i e s  we r e  evaluated 
from a t rans i e n t  d r a inage equat i on , drain l i ne d i s c h a r g e s , and t he 
dra i nage s y s t em gaome t r y . The auge r  hole me thod produced t he l ar ge s t  
average hyd r au l i c condu c t i v i t y . value o f  2 . 64 fee t p e r  d a y  f o r  the 
t hree t o  ten foo t depth . The pump - in ave rage wa s 1 . 38 fee t pey day . 
The ave rage d r a i n  l i ne hydrau l i c  condu c t iv i t y  was 0 . 9 7 fee t per day . 
The hyd rau l i c co ndu c t i v i t y o f  t he trench back f i l l  s o i l on the 
expe r ime n ta l  p l o t  was eva lua ted by t he auger hole me thod and c om-
pared w i t h t he und i s turbed s o i l  hydrau l i c  conduc t i v i t y . No s t a t i s -
t i cal d i f ference was found be tween t he und i s turbed and bac k f i l l  s o i ls .  
The hydrau l i c c haracter i s t i cs o f  two expe r i ment a l  enve l ope s ; a 
three i nc h  a l l g rave l enve l ope and a comb i nat i on t hree i n c h  g r ave l 
and f i ber g la s s e nve l ope , instal led within the p lo t  area i n  1 9 6 7  were 
a l so s tud ied . P i e zome te rs were i ns tal led and u s ed to measure the 
hydrau l i c  h 8 ad i n  the so i l  surround ing the exper iment a l  e nve lope s .  
The se hydrau l i c  head s  we re measured dur i ng drawd own o f  t he wate r  
tab le and we r e  ana l y zed t o  compare the relat ive hydrau l i c charac -
ter i st i c s o f  t he env e l ope s . The s e  data ind i c ated a s t a t i s t i ca l l y  
s i gn i f i can t d i f fe r ence be tween t he enve l ope s du r i n g  t he i n i t ia l  
deve l opmen t  o f  t h e  wat e r  tab le . However , there wa s no s tat i s t i ca l l y  
s i gni f i cant d i f f e r ence be twe en t he enve l opes f o r  a fu l l y deve l oped 
wa ter table . Al s o , no water was observed s tand i ng over t he drai n 
l i nes a f t e r  approx imat e l y  four hours from t he i n i t i at i on o f  d raw­
down . 
P i t s  were ex cava ted t o  the drain l i ne s and the expe r ime n t a l  en­
ve l ope s we re v i sua l l y obse rved at s eventeen j o i n t s . The grave l 
mate r i a l s  appeared to be cohe s ive and var ied i n  t h i ckne s s  from o ne 
inch t o  more t han three in ches · a t  t he dra i n  l i ne j o i nt s . A l l the 
enve lope ma t e r i a l s  appeare d  t o  be i n  good cond i t ion and wc�e p r ov i d ­
i n g  adequa t e  prote ct i on f o r  t he d r a i n  l ine s . S ix samp l e s  o f  t he 
f i be r g las s and twenty of t he grave l were taken from t he e nve l op e s  
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and ana l y ze d  i n  t he laborato ry . The grave l samp l e s  were me c han i c a l l y  
ana ly ze d  f o r  p ar t i c le s i ze d i s tr i bu t ion . They we re found t o  b e  
coar s e r  t ha n  t he or i g i na l  grave l env e l ope ma te r i a l  but s ome i n f l ow 
o f t he s i l t bas e  ma ter ia l  was noted . The f i berg las s s ampl e s  were 
te s te d  for hydrau l i c  cond u c t iv i t y and tens i l e s treng t h  a n d  t he s e  
va lue s were c ompared t o  t he va l ue s  found b y  tes t i ng a cont r o l  ( un ­
used )  p i e ce o f  f i be r g la s s  mater ial . The hydrau l i c  condu c t iv i t y and 
tens i le s tr eng t h  we re approx imat e l y  60 percent o f  the con t r o l  p i e ce 
of f i be r g l a s s .  
Conc l u s i o n s  
The f o l l ow i ng conc lus i ons wer e  reached a s  a r e s u l t  o f  t h i s  
s tudy : 
1 .  Bot h t he auge r ho le and pump- i n  me t hod s g av e  ave rage hy ­
drau l i c  condu c t i v i t y  values l arger t han t h e  ave rage d r a i n  
l i ne hydrau l i c  conduct i v i t y va lue . They we r e  2 60 p e r cent 
and 140 per ce n t  o f  the dra in l i ne average , r e s pe c t iv e l y . 
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2 .  The pump- i n  me t hod gave a mo re a c curate e s t i ma t i on o f  the hy­
drau l i c  condu c t i v i t y  va lue for the drainage d e s i gn e quat i on s  
t han t he auger ho l e  me t hod f o r  t h i s  expe r ime n t a l  s o i l .  
3 .  The rat i os o f  t he pump - i n hydrau l i c  condu c t i v i t y v al ue s t o  
t he auge r ho l e  v a l u e s  we re approx imate l y  0 . 5 0 .  
4 .  The r e  was no s t a t i s t i ca l l y  s i gn i f i cant d i f fe re n ce be tween 
t he au g e r  ho l e  hyd rau �i c conduc t iv i t y v a lu e s  fo r t he und i s ­
tu rbed and d i s turbe d ( ba c kf i l l ) s o i ls . 
5 �  No s ta t i s t i ca l  d i f f e r e n ce wa s de t e c t ed be tween t he hydraul i c  
c ondu c t i v i t y  va l ue s  o f  the c hem i cal l y  d i f ferent s o i l s  i n  the 
e a s t  and we s t  s :i. d e s o.f t he exper i mental a r ea . 
6 .  Bo t h  o f  t he expe r imen t a l  e nve l ope s ; the t hree i nc h  a l l 
grave l e nve l ope and the c om b i nat i on t hree i nc h  grave l and 
f i be r g las s e nve lope , gave sat i s fa c t ory pro t e c t i on aga i ns t  
s i l ta t ion o f  t he d ra i n l i ne s dur i ng fu e  s ix �ear exp er i me n -
t a l  per i od . 
7 . There wa s a s tat i s t i ca l l y  s i gni f i cant d i f ference i n  t he 
p ie zome t r i c  h ead d i s t r i but i on near t he two expe r iment a l  en­
ve l ope s dur i n g  t he i n i t ia l  deve lopment o f  t he wat e r  t ab l e . 
Howeve r , no s t at i s t i ca l l y s i gn i f i cant d i f fe r ence was found 
for t he fu l l y deve l oped wa ter ta b le s i tuat i on . 
8 .  There wa s a redu c t i on i n  bo t h  the hydrau l i c  conduc t i v i t y 
a nd t e ns i l e s t reng t h  o f  t he s ix year o l d  f i e l d  f i be r g las s 
ma ter i a l  to approx i ma t e l y  60 per cent o f  the o r i g i na l  
_ va l ue s . 
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Oh i o . 
T h .  K d p k R B 1 9 4 8 . S o i l Me chan i c s i n  Eng i nee
r -e r zag 1 , . a n  e c , . . 
i ng P r ac t i ce . J ohn W i l e y  and Sons , I nc . New Yor
k , New Yor k . 
Uni t ed S ta t e s Army corps o f  Eng i neers . 1 9 4 1 . W
at e rway s  Ex ­
pe r i me n t  S ta t i o n . I nve s t i ga t i on o f  F i l t e r  
Re qu i r emen t s  f o r  
Und e rd r a i ns .  Te chn i cal Memor andum No . 1 8 3 -
1 . 
4 5 . Un i t ed S ta t e s  Depar tment o f  Agr i cu l ture . 1 9 60 . S o i l Con­
s e r va t i o n  S e rv i ce . T i le Appu r t e nances . D r a i na g e , Nat i ona l 
Eng i ne e r s  Hand book S e c t i on 1 6 , Chapt e r  5 .  Was h tngt o n , D .  C .  
4 6 . Un i t e d  S ta t e s  Depar tment o f  t he I nte r i or . 1 9 5 5 . Bureau o f  
Re c lamat i on . The Use o f  Laboratory Te s t s  t o  Deve l o p  De s i g n  
Cr i t e r i a  f o r  Prot e c t ive F i l t e r s . Ear t h  La b o r a t o r y  R ep o r t  No . 
EM- 42 5 . Un i t ed S ta t e s  Depar tment o f  the I nt e r io r , Wa s h i ng ton , 
D .  C .  
47 . Un i ted S ta t e s De par tme nt o f  t he I nt e r i or . 1 9 6 5 . Bur e au o f  
Re c l ama t i o n . Repo r t  on Oahe Un i t , Appe nd ix F - Dr a i nage . 
Mi s sou r i - Oahe P r o j e c t  Of f i ce , Huron , Sou t h  Dako t a . 
5 8  
48 . van S c h i l fgaarde , J . 1 9 70 . The ory o f  F l ow t o  D r ai n s . Ad vances 
in Hyd r o s c i ence . 6 ( 5 ) : 4 3 - 1 0 6 . Ed i ted by V .  T .  Chow . Academic 
P r e s s ,  New Yor k , New Yor k . 
49 . W i l l a r d s on , L .  S .  , Dav i s , S .  , Mu lder , D .  , and S pe n c e r , J .  R .  
· 1 9 7 3 . Dra i n  Env e l ope Re s ponse to F i e l d  Treatme n t s . ASAE 
Pape r N . 7 3 -2 5 1 3 .  
5 0 . W i nge r , R .  J .  1 9 60 . I n -P lace Permeab i l i t y Te s t s  and The i r  Use 
in S u b s u r face Dr a i nage . Treat i s e  prepared for t he I nt e r na t i on ­
a l  Commi s s i on o n  I r r i gat ion and Drai nage - Four t h  Congre s s  -
Mad r i d , S pa i n . Of f i ce o f  Dra i nage and Ground Wa t e r  Eng i ne e r ­
i ng , Cornm i s s i one r ' s  Of f i ce , Bureau o f  Re c l ama t i on , Denve r , 
Colorado . 
5 9  
APPEND I CES 
APPEND IX A 
L I ST OF SY MBOLS 
60 
L I ST OF SYMBOLS 
A - c r os s - se c t i onal f l ow area , L2 
d - d e p t h  o f  impermeab l e  layer be l ow dra i n  l i ne s , L 
de - equ i v a l e n t  d e p t h  o f  impe rmea b l e  layer be l ow d r a i n  l i ne s , L 
D15 
D50 par t i c l e  s i ze a t  wh i ch 153 ,  503 ,  853 o f  t he par t i c l e we i g h t  
D35 i s  s ma l l er , L 
f - d ra i na b l e  por o s i t y , L3/L3 
g - g r av i ta t i ona l cons t a nt , L/T2 
h - e l evat i on head , L 
i - h y d r au l i c  g rad i ent , L/L 
K - h y d r au l i c  c ondu c t i v i t y , L/T 
1 - d i s t ance , L 
m0 - o r i g ina l  m i d p lane wat e r  he i gh t  above t he dra i n  l i ne , L 
mt - m i d p l ane wat e r  t a b l e  he i gh t  at t ime t ,  L 
P - p r e s sure , F/L2 
Q - v o lume f l ow rate , 13/T 
S - s pa c i ng be tween t he d r a i n  l i ne s , L 
t - t ime , T 
0 - hyd r a u l i c  head , L 
f - dens i t y o f  water , FT2/L4 
6 1  
APPEND IX B 
S O I L PROF I LE LOGS 
62 
S ump 
I 
I 
I 
\oo-----f - - -- + -i - - - - - -a.---- L i ne C 
- � - - -r �-- - - - - -
0-
I 
S ca l e 
5 0  Fee t 
P i l o t  Ho l e  Q 
Line B 
© 
L i n e  A 
F i gu r e  1 3 . Loca t i on s o f  P i l o t  Ho l e s for t he S o i l  
Pro f i l e  Lo g 
6 3  
Table B-1 . So i l  Pro fi le Log for S i te A 
Depth ( ft )  1 2 3 4 5 6 7 8 9 
Es t imated Texture S i L S i L  S i  C L  S i L  
E s t imated Percent o f  Sand 2 2 2 1 0  
E s t imated P e r cent o f  C lay 2 6  2 4 2 8  3 3  1 2  
Es t imated Hydrau l i c  
Condu c t i v i ty ( f t/day ) 0 . 8  0 . 8  0 . 4  0 . 2  0 . 70 
Co l or Black Ol ive Lt . Gr .  01 . Ye l .  
Cons i s tency Fr iable Fr iable Fr iable F irm Fr iable 
C las s Med F ine F i ne No S truc ture Coarse No S truc ture 
S truc ture Type S bk Pr i smat i c  S bK AbK P laty 
Grade Mod Mod Mod S trong Weak 
Mo t t l ing Few Few 
We tne s s  Mo i s t  FC 
Remarks S l ight ly laminated Heavy Fe S tains 
tends to platy 
0) � 
Table B- 1 . ( cont inued ) 
Depth ( ft )  
Es t imated Texture 
Es t imated Per cent o f  Sand 
Es t imated P e r cent of C l ay 
Es t imated Hydrau l i c  
Conduc t iv i ty ( f t/day ) 
Color 
Cons i s tency 
C la s s  
S truc ture Type 
Grade 
Mot t l ing 
We tne s s  
Remarks 
1 0  1 1  12 
15 
8 
1 . 0  
.. . 
1 3  1 4  1 5  
S i L  
8 
2 0  
0 . 4  0 . 2  
Olv . Ye l  
Dense 
S tr ong 
Few 
Satura. ted 
1 6  1 7  1 8  
C lay T i l l  
0 . 1 4 0 . 0 6 0 . 0 4 
Ye l .  Br . Ye l . Br . 
F i rm 
S trong Ma s s ive 
m tTI 
Table B-2 . S o i l  Profile Log for S i te B 
Depth ( f t )  1 2 3 4 
E s t imated Texture S i L  S i  C L  
E s t i mated P e r cent o f  Sand 5 3 
E s t imated P e r cent o f  C lay 2 5  2 7  
E s t imat ed Hydrau l i c  
Conduc t iv i ty ( f t/day ) 1 . 0 0 . 6  
Color Black Dr . Gr .  
Cons i s tency Fr iable Fr iable 
C las s Med F ine Med F i ne 
S tructure Type Crumb P r i smat i c  P laty 
Grade Mod Mod -s trong 
Mo t t l ing Few 
We tne s s  Mo i s t  FC 
Remarks Poor 
I rregular 
s tructure 
5 6 7 
S i L  
1 5  
30 32 8 
0 . 4  
S trong 
Saturated 
Fe S tains 
S l ightly Lami nated 
8 9 
S i L  
1 . 0  
Olv . Ye l .  
Fr iab le 
No s truc ture 
Weak 
Few 
Saturated 
Q) 
Q) 
Table B-2 . ( con t inued ) 
Depth ( f t )  
Es t imated Texture 
E s t imated Per cent of Sand 
Est imated Per cent of C lay 
E s t imated Hydrau l i c  
Condu c t i v i t y  ( f t/day ) 
Co lor 
Cons i s tency 
S tructure 
Mot t l ing 
We tne s s  
Remarks 
C l as s  
Type 
Grade 
1 0  1 1  1 2  
0 . 8  0 . 6 
Moderate 
1 3  
S i L  
5 
2 0  
0 . 4 
1 4  1 5  
2 7  
Few thin 
sandy 
0 . 2  
1 6  
lense s Mod-s trong 
Fe S ta ins 
Dense 
1 7  
C l  T i l l  
0 . 0 6 
Ye l .  Br . 
Mass ive 
1 8  
m -.J 
Ta ble B- 3 .  So i l  Pro file Log for S i te C 
De pth ( f t )  1 2 
E s t imated Texture S i L S i  C L 
E s t imated Per cent o f  Sand 1 0  4 
E s t imated Per cent of C l ay 2 6  2 7  
E s t imated Hydrau l i c  
C onduc t iv i t y  ( f t/day ) 1 . 0 0 . 6  
Color Black Olv . Gr .  
Cons i s tency Fr iable Fr iable 
C las s F ine F ine 
S truc ture Type S b K  AbK 
Grade Mod Mod 
Mo t t l ing 
Wetne s s  Mo i s t  FC 
Remarks F l aky 
3 4 5 6 7 8 9 
S i L  
2 2 1 2  
30 34 8 
0 . 4 0 . 5 0 0 . 6 0 . 9  
Ye l .  Br . 
Fr iable 
Med F ine Coar se No S truc ture 
P laty poor 
S tr ong irregular s tructure Weak 
Few Few 
Saturated S aturated 
S:nal l Pronounced W/Gr . Mot t l ing 
pores ver t i cal Few Fe Stains 
c leavage m 00 
Ta b l e  B-3 .  ( con t inued ) 
De p t h  ( f t )  
E s t imated Texture 
10 
E s t imated Per cent o1 Sand 2 5  
E s t imated Percent of C lay 
E s t imated Hy d rau l i c  
Conduct iv i t y  ( f t/day ) 
Co lor 
Cons i s tency 
S t ru c ture 
Mo t t l ing 
We tne s s  
Remarks 
C las s 
Type 
Grade 
1 . 2  
Ye l . Br . 
1 1  
2 0  
1 . 0  
12 1 3  1 4  
1 0  5 
1 8  2 4  
0 . 6 0 . 4  
· Moderate 
1 5  1 6  1 7  
S i  C L  
5 
2 7  
0 , 2  0 . 1 6 
Few thin 
s and and 
S t r ong clay l ens e s  
F e w  Fe S ta ins 
18 
C L  T i l l  
0 . 0 4 
Ye l . Br . 
m 
tD 
I 
Ta b l e  B-4 .  S o i l  Profi le Log for S i t e  D 
De p t h  ( f t ) 1 2 
E s t imated Textur e S i L  S iC L  
E s t imated P e r cent o f  Sand 5 4 
E s t imated Percent o f  C l ay 2 6  2 7  
E s t i mated Hydrau l i c 
Condu c t i v i t y  ( f t/day ) 1 . 0  0 . 8  
Color Bl ack Olv . Gr . 
Cons i s tency F r iab le F r iable 
C las s Med F ine 
S t ructure Type Crumb AbK 
Grade Mod Mod 
Mo t t l ing 
We t ne s s  Mo i s t  Mo i s t 
3 
2 
30 
0 . 4  
P laty 
FC 
Remarks sma l l  pore s  
4 5 6 7 8 9 
S i L  
1 0  12 
32 34 1 0  
0 . 4  0 . 6 0 . 8  0 . 9  
Olv . Gr .  Ye l . Br .  
F irm F r iable 
No S tr . No S tructure 
Dense 
S tr ong Weak 
Few Few 
Saturated 
pronounced 
ver t i cal 
c l eavage '1 0 
Tab l e  B-4 . ( con t i nued ) 
De pth ( f t )  
E s t imat ed Texture 
1 0  
E s t imated P e r cent o f  Sand 12 
E s t imated Pe r cent o f  C lay 15 
Es t imated Hydrau l i c  
Conduct iv i t y  ( ft/day ) 
Co l or 
Cons i s tency 
S tru c ture 
Mot t l ing 
Wetness 
Remarks 
Class 
Type 
Grade 
0 . 8  
1 1  12 1 3  
1 0  
1 8  
0 . 7  
Mod . 
�. �· 
1 4  1 5  1 6  
S i  C L  
1 7  8 2 
12 2 0  2 8  
1 . 0  0 . 5  0 . 0 4 
Ye l . Br . 
F i rm 
coarser lense S trong 
1 7  
30 
1 8  
C L  Ti l l  
0 . 02 
Ye l . Br . 
F i rm 
S tr ong 
....J 
I-' 
72 
APPEND IX C 
HYDRAUL I C  CONDUCT I V I TY  DATA 
Table C - 1 . Aug e r  Ho l e  Hydrau l i c  Condu c t i v i ty for the Und i s tu r be d  
S o i l  at t he Three t o  Seven F o o t  Depth 
Eas t S ide We s t  S ide 
7 3  
Soi l Texture a )  
Hydrau l i c  
Condu c t i v i t y  
( fe e t/d ay ) 
So i l  Texture a )  
Hy drau l i c 
Condu c t i v i ty 
( fe e t/day ) 
S i l ty C l ay Loam 1 . 42 
S i l ty C l ay Loam 5 . 1 2 
S i l t y C l a y  I,oam 
S i. J.t  Loam 
S i �  .. t J_,�a:.! 
Avera.ge 
2 . 4 4 
1 . 0 7 
1 . 92 
1 .  f1 2  
3 . 0 1 
0 . 5 5 
] . 0 0  
2 . 0 6 
S i l t  Loam 
S i l ty C lay 
S i l ty C l ay 
S i l t  Loam 
S i l t y  C lay 
S i l ty C l ay 
8 5. l t  !·,o am 
S i l ty C lay 
S i l t  Loam 
Ave ra ge 
2 . 7 6 
Loam 0 . 4 1 
Loam 3 . 0 6 
0 . 3 3 
Loam 1 . 2 3  
Loarn 1 .  7 3  
'3 . !W 
Loam 1 .  3 5  
1 � 9 5 
1 . 8 8 
a )  Es t imate d by Bureau o f  R e c larr.at i on pe rs o nne l dur i ng f i e l d  t e s t s  
Tab l e  C -2 .  Auger Hol e  Hydrau l i c  ·Conduc t iv i ty for t he Backf i l l  S o i l  
a t  t he Three t o  Seven Foot Depth 
Eas t  S i de 
Hydrau l i c  Conduc t i v i t y  
( fe e t/day ) 
0 . 0 9 
1 . 9 8 
0 . 5 6 
4 . 82 
0 . 5 0 
0 . 6 1 
Ave rage 1 . 4 3 
Wes t  S i de 
Hydrau l i c  Condu c t iv i t y  
( feet/day ) 
0 . 2 5 
0 . 0 7 
0 . 85 
0 . 04 
0 . 4 6 
1 . 1 8 
Average 0 . 4 7 
74 
Tab l e  C - 3 . Auge r  Ho l e  Hydrau l i c  Conduct i v i ty for the Wes t  S id e  
Und i s t u r bed S o i l at t he S even t o  Ten F o o t  Dept h 
Hydrau l i c  Condu c t i v i t y  
( fe e t/day ) 
Average 
6 . 88 
4 .  6 6  
2 . 2 8 
1 . 00 
1 .  95 
3 . 35 
75 
7 6  
Tab l e  C - 4 . Pump - i n  Hy drau l i c  Condu c t iv i ty for t he Und i s tu r bed S o i l  a t  
t h e  Thr ee t o  Seven Foo t Depth 
Eas t  S i de We s t  S i de 
Hydrau l i c  Hyd r au l i c  
Textur e a )  Conduct i v i ty Texture a )  Condu c t i v i t y  
( fe e t/day ) ( fe e t /day ) 
S i l t y  C lay Loam 0 . 8 4 S i l t  Loam 0 . 2 0 
S i l t  Loam 2 . 5 6 S i l t  Loam 0 . 48 
S i l ty C l ay Loam 0 . 2 9 S i l ty C lay Loam 0 . 5 0 
S i l t  Loam 0 . 36 S i l t y C l ay Loam 0 . 5 6 
S i l t  Loam 2 . 2 6  S i l ty C l ay Loam 0 . 70 
S i l ty C l ay Loam 0 . 52 S i l t y C l ay Loam 0 . 74 
S i l t  Loam 1 . 22 S i l ty C l ay Loam 0 . 8 8 
S i l t  Loam 1 . 5 0 S i l ty C l ay Loam 1 . 02 
S i l t  Loam 1 . 0 6 S i l t  Loam 1 . 1 6 
Ave rage 1 . 1 8 Average 0 . 70 
a )  Es t ima te d  by Bureau o f  Re c l amat ion per sonne l dur in·g f ie l d t e s t s  
Tab le C - 5 .  P ump - i n  Hydrau l i c  Condu c t i v i t y  for the Und i s turbe d  S o i l 
a t  the Seven t o  Ten Foot Depth 
Eas t  S i de We s t  S id e  
Hydrau l i c  Hyd ra u l i c  
7 7  
Texture a )  Condu c t i v i t y Texture a )  Condu c t iv i ty 
( fee t/day ) ( fe e t/day ) 
S i l t  Loam 2 . 2 6  S i l t  Loam 1 . 96 
S i l t  Loam 1 .  7 6  S i l t  Loam 1 . 5 0 
S i l t Loam 1 .  42 S i l t  Loam 1 . 42 
S i l t  Loam 1 .  72 S i l t Loam 4 .  32 
S i l t  Loam 1 .  6 4  S i l t  Loam 1 .  5 8  
S il t  Loam 1 . 70 S i l t  Loam 1 .  3 0  
S i l t  Loam 2 . 0 0 S i l t  Loam 1 .  38 
S i l t  Loam 1 . 4 4 S i l t  Loam 1 . 62 
S i l t  Loam 1. 8 4 S i l t Loam 1 . 46 
Ave rage 1 .  91 Average 1 . 68 
a )  Est imated by Bu reau o f  Reclamat i on per s onne l dur i ng f i e l d t e s t s  
.. 
7 8  
Ta b l e  C - 6 .  Dra i n  Line Hy drau l i c  Conduc t iv i t y  a t  t he Three t o  Ten 
Foot Dep t h  
Dat e  
Ju l y , 1 9 6 8  
Augus t ,  1 9 6 8 
Augus t ,  1 9 68 
Augu s t , 1 9 7 0  
Septembe r , 1 9 7 1  
Oc t o be r , 1 9 72 
Augus t ,  1 9 7 3  
Average 
Eas t S i de 
Dra i nab le 
P oros i ty 
( ft 3/ft 3 ) 
0 . 0 30 
0 . 0 30 
0 . 02 9  
0 . 0 1 8  
0 . 0 35 
0 . 02 6  
0 . 0 1 6  
0 . 02 6  
Hyd r au l i c  
Condu c t i v i ty 
( fee t/day ) 
0 . 8 9 
0 . 9 4 
0 . 85 
0 . 8 4 
0 . 9 3 
0 . 7 9  
0 . 7 7 
0 . 86 
We s t  S i de 
Dra i nab l e  
P or o s i ty 
( ft 3/ f t 3 ) 
0 . 0 3 7  
0 . 0 3 3  
0 . 0 4 5  
0 . 02 5  
0 . 0 4 1  
0 . 0 35 
0 . 0 32 
0 . 0 35 
Hy d r au l i c 
Condu c t i v i ty 
( fee t/day ) 
0 . 8 6 
1 . 2 6  
0 . 8 4 
1 . 2 0  
1 . 0 9 
1 . 2 1  
1 . 1 0 
1 . 08 
7 9  
APPEND IX D 
SOI L WATER HYDRAUL I C  HEADS 
Table D-1 . Hydrau l i c  Head s ( fe e t  of water ) for the SW P ie zome ter Bank 
Depth D i s tance Time I n i t ial Time Head Time Head Time Head Time Head Time Head Time Head Time He ad 
( f t )  ( f t )  ( m in ) Head ( m in ) ( f t )  ( m i n ) ( f t )  ( mi n ) ( f � )  ( m i n ) ( ft )  ( m i n ) ( f t )  ( m i n ) ( f t )  ( mi n ) ( ft )  
6 
6 
6 
· 6 
6 
6 
7 
7 
7 
7 
7 
7 
8 
8 
8 
8 
8 
8 
9 
9 
9 
9 
9 
9 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
0 
0 
0 
0 
0 
(l 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 . 65 
3 . 87 
3 . 65 
3 . 60 
3 . 65 
3 . 6 8 
3 . 5 3 
3 . 60 
3 . 6 4 
3 . 60 
3 .  72 
3 . 63 
3 . 4 6 
3 . 64 
3 . 82 
3 . 5 3 
3 . 7 3 
3 . 75 
3 . 3 1 
3 . 60 
3 . 8 7 
3 . 5 7 
· 3 . 67  
4 .
' 2 4  
i 
2 3 . 1 5 2 0  1 . 95 48 1 . 75 
5 3 . 6 7 2 4  3 . 7 7 
7 2 . 35 2 9  2 . 05 
2 2 . 2 5  
5 2 . 5 5 2 4  1 . 95 
8 2 . 5 3 2 9  2 . 0 3 
5 2 . 45 2 5  1 . 8 0 
8 1 . 1 4 2 9  1 . 04 
3 2 . 35 2 1  1 . 75 
6 2 . 72 2 5  2 . 2 2  
8 2 . 38 30 2 . 08 
6 . 3 .  3 9  2 6  
9 3 . 5 7 30 
4 2 . 6 3 22 
6 2 . 5 3 2 6  
9 2 . 45 3 1  
3 . 2 9 
3 . 5 7 
1 . 8 3 
2 . 2 8 
2 . 2 0  
52 2 . 9 7 
52 1 .  8 5  1 1 7  
5 5  2 . 0 3 1 1 9  
5 2  1 .  '70 1 1 7  
5 6  0 . 9 4 1 2 0.  
48 1 .  5 5  1 1 4 
5 3  2 . 22 1 1 8  
5 6  1 .  9 8  120 
53 3 . 3 9 1 1 8  
5 7  3 . 4 7 12 0 
49 1 .  5 3  1 1 5  
5 3  2 . 08 1 1 8  
5 7  2 .  I O  1 2 1 
4 3 . 2 1 
6 1 . 5 0 
9 3 . 5 7 
4 3 . 62 
7 2 . 5 7 
9 4 . 1 4  
2 2  3 . 0 1 5 0  
2 6  1 . 30 5 3  
3 1  3 . 3 7 5 7  
2 3  3 .  42 5 1  
2 7  2 .  5 2  5 4  
3 1  4 . 09 5 8  
2 . 9 1  1 1 5 
1 .  3 5  1 1 8 
3 . 5 7 12 1 
3 .  42 1 1 6  
1 .  92 1 1 8  
4 . 09 12 1 
1 .  6 5  1 65 
1 . 8 3 
1 . 2 0  1 65 
1 . 0 4 
1 .  40 1 62 
1 .  82 1 66 
1 .  78 1 68 
3 . 3 9 1 66 
3 . 47 1 68 
1 . 5 3 1 6 3  
1 .  8 8  1 6 6  
1 .  7 0  1 68 
2 , 8 1 1 6 3  
1 .  05 1 6 6  
3 . 3 7 1 68 
3 . 42 1 64 
2 . 02 1 67 
3 . 6 9 1 6 8  
1 .  6 5  
1 .  40 4 3 6  
1 .  35  4 3 3  
1 .  7 2  4 3 7  
1 .  6 8  440 
3 . 1 9 4 3 7  
3 . 47 4 4 1  
1 .  43  4 32 
1 .  8 8  4 3 7  
1 .  95  4 4 1  
2 .  7 1  4 3 3  
1 .  05  4 3 8  
3 . 2 7 442 
3 .  42 4 3 3  
1 .  6 2  438 
3 . 5 9 442 
1 . 2 5  
1 . 2 0 72 0 
1 . 5 7 72 3 
1 .  5 3  72 8 
1 . 05 
1 . 42 
1 .  38 
3 . 0 9 72 4 2 . 89 
3 . 1 7 72 9 2 . 8 7 
1 . 2 8  7 1 9  1 . 2 3  
1 .  6 8  72 4 1 .  48  
1 .  70 72 9 1 .  60 
2 . 2 1  72 0 1 . 7 1 
0 . 95 72 5 0 . 85 
2 . 7 7 7 30 2 . 4 7 
2 . 9 7 72 0 2 . 5 7 
1 .  5 7  72 5 1 .  52 
3 .  8 9  .7 30 3 .  6 9  00 0 
Tab l e  D-1 . ( cont i nued ) 
De p t h  Di s tanc e  Ti me I � i. t ial Time Head Time Head Time Head T i me Head T ime Head Time Head Time Head 
( ft )  < f t )  ( mi n )  Head ( mi n ) ( f t )  ( m i n ) ( f t )  ( m i n ) ( f t )  ( m i n ) ( f t )  ( m i n ) ( f t )  ( m in ) ( f t )  ( m in ) ( f t )  
1 0  2 0 3 . 6 6 4 1 .  6 6  2 3  1 . 2 6 5 1 1 . 26 1 1 6 1 .  26 1 64 1 .  2 6  4 3 4  1 . 1 6 72 1 l . 0 1 
1 0  2 0 3 . 8 6 7 3 . 6 1 2 8  3 . 6 1 5 4  3 . 6 1 1 1 9  3 . 6 1 1 6 7  3 . 5 1 3 3 8  3 . 1 6 72 6 2 .  71 
10 2 0 3 . 7 7 1 0 2 . 32 32 2 . 12 5 8  2 . 02 122 1 .  92 1 6 9 1 .  92 44 3 1 .  72 7 3 1  1 .  62 
1 0  4 0 3 . 7 4 5 3 . 4 9 2 4  3 . 2 4  52 3 .  0 4  1 1 7  2 . 5 4 1 65 2 . 44 435 1 .  94 72 1 1 .  7 4  
1 0  4 0 3 . 7 3 7 2 . 68 2 8  2 . 5 8 5 5  2 . 38 1 1 9  2 . 1 8 1 6 7 2 . 08 4 3 9  1 .  8 8  72 6 1 .  7 3  
1 0  4 0 3 . 80 1 0  2 . 65 32 2 . 5 0 5 8  2 . 5 0 122 2 . 2 0 1 69 2 . 00 4 4 3  1 .  9 0  7 32 1 . 80 
00 I-' 
Table D-2 .  Hydrau l i c  Head s  ( fee t o f  Water ) fo� the NW P ie zome ter Bank 
Depth D i s tance Time I n i t i a l  Time Head Time Head Time Head Ti me Head Time Head Time Head T ime Head 
( f t )  ( f t )  ( m i n )  Head ( m i n )  ( ft ) ( m i n ) ( ft )  ( m i n ) ( f t )  ( m i n ) ( f t )  ( mi n ) ( ft )  ( m in ) ( ft )  ( m i n ) ( f t )  
6 
6 
6 
6 
6 
6 
7 
7 
7 
7 
7 
7 
8 
8 
8 
8 
8 
8 
9 
9 
9 
9 
9 
9 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 . 1 3 
3 . 2 4 
3 . 1 9 
3 . 1 9 
3 . 39 
3 . 3 1 
3 . 1 9 
3 . 2 1 
3 . 2 0 
3 . 2 6 
3 . 35 
3 . 40 
3 . 62 
3 . 3 3 
3 . 09 
3 . 3 6 
3 . 39 
3 . 30 
3 . 63 
3 . 3 1 
3 . 3 4 
3 . 44 
3 . 4 1 
3 . 35 
2 2 . 6 3 
1 1  3 . 2 4 
1 6  3 . 09 
3 2 . 8 9 
1 1  3 . 1 4 
3 8  1 .  6 8  
44 2 . 34 
49 2 . 9 4 
39 2 . 1 9 
44 2 . 79 
1 6  2 . 8 1 5 0  
5 2 . 69 40 
1 2  2 . 5 6 45 
17 2 . 60 5 1  
2 . 2 6  
1 .  9 4  
2 . 1 1 
2 . 05 
7 2 . 9 6 
12 2 . 9 0 
1 7  2 . 9 5 
8 3 .  72 
1 3  2 . 7 3 
1 8  3 . 2 9 
8 3 . 1 6 
1 3  3 . 0 9 
1 8  2 . 90 
9 3 . 7 3 
1 4  2 . 6 1 
1 9  3 . 2 9  
9 3 . 39 
1 5  2 . 8 6 
1 9  3 . 2 5  
4 1  2 . 3 1 
45 2 . 40 
52 2 . 5 5 
4 1  3 . 67 
45 2 . 2 3  
5 2  3 .  2 4  
42 2 .  4 1  
46 2 . 64 
5 3  2 .  45 
42 3 .  43 
46 2 . 1 1 
5 3  3 . 1 4 
43 2 . 5 9 
46 2 . 46 
5 4  3 . 1 5 
8 3  2 . 2 9  1 35 
8 8  2 . 69 1 3 7  
78 1 .  8 9  
8 3  2 . 0 9 
8 8  
79 
8 4  
8 9  
2 . : a 1 3 7  
1 .  7 4  1 3 3  
1 .  9 6  1 35 
2 . 00 1 37 
8 0  2 . 1 6 1 3 3 
8 5  2 . 30 1 35 
2 . 0 4 1 8 1  
2 . 5 9 
2 . 0 1 1 8 3  
1 .  49  1 79 
1 .  8 6  1 8 1  
1 .  6 0  1 8 3  
1 . 9 6 1 79 
2 . 1 5 1 8 1  
1 .  9 4  4 6 7  
2 . 0 1 4 72 
1 .  3 9  4 62 
1 .  8 1  4 6 8  
1 . 8 5 473 
1 .  9 6  462 
2 . 05 4 6 8  
1 .  9 4  
1 .  7 6 
1 .  39 750 
1 .  56  75 5 
1 .  60 760 
1 .  6 1  750 
1 .  8 5  7 5 5  
8 9  2 . 40 1 3 7  2 . 30 1 8 3  2 . 2 5  474 1 . 90 7 60 
8 0  3 . 72 1 33 3 . 42 1 8 0 3 . 52 4 6 3  3 . 32 7 5 1 
8 5  2 . 08 1 3 6 2 . 0 3 1 82 1 . 9 3 469 1 . 7 3 7 5 6  
9 0  3 . 2 9  1 38 3 . 2 9 1 8 4  3 . 1 9 474 2 . 8 9 7 6 1  
8 1  2 . 41 1 34 2 . 1 6 1 80 2 . 0 6 4 6 3  1 . 9 1 75 1 
8 6  2 . 39 1 3 6  2 . 2 9  1 8 2  2 . 2 4 469 2 . 0 4 75 6 
90 2 . 40 1 3 8 2 . 2 0  1 8 4  2 . 30 475 1 . 90 7 6 1  
8 1  3 . 5 3 1 34 3 . 3 3 1 8 0  3 . 2 3 464 3 . 2 3  752 
86 2 . 1 6 1 3 6  2 . 1 1 1 82 2 . 0 1 4 6 9  1 . 8 1 75 7 
9 1  2 . 9 4 1 38 2 . 69 1 8 4  2 . 69 475 
81 3 . 1 4 1 34 2 . 34 1 80 2 . 2 4  465 
8 7  2 . 3 1 1 3 6 2 . 2 1  1 82 2 . 1 6 470 
91 2 . 90 1 3 9 2 . 65 184 2 . 5 5 476 
2 . 1 9 7 62 
1 .  9 4  752 
1 .  9 1  7 5 7  
2 . 05 762 
1 . 39 
1 . 5 1 
1 . 60 
1 .  7 1  
l . 8 0 
1 .  8 5  
3 . 32 
1 .  7 3  
2 . 5 4 
1 .  8 6  
1 .  89 
1 .  9 0  
3 . 1 3 
1 .  7 1  
1 . 8 9 
1 . 8 4 
1 . 8 1 
1 . 8 5 00 tv 
Table D-2 . ( cont i nued ) 
De pth D i s tan ce Time I n i t i al T ime Head Time Head T ime Head Time Head Time Head Time Head Time Head 
( f t )  ( f t )  ( m i n ) Head ( m i n ) ( f t ) C mi n ) ( f t )  C m i n ) ( f t )  ( m i n ) ( f t )  ( m i n ) ( ft )  ( m i n ) ( f t )  ( mi n ) ( f t )  
10 2 0 3 . 38 1 0  3 . 3 3 43 3 . 1 8 82 3 . 38 1 3 4 2 . 78 1 8 0  2 . 68 4 6 6  2 . 2 8  75 3 1 .  9 3  
10 2 0 3 . 44 1 5  3 . 49 47 2 . 1 4 8 7  2 . 0 4 1 3 6 1 .  9 9  1 8 2  1 .  9 9  4 70 1 .  6 9  7 5 8  1 .  49  
1 0  2 0 3 . 2 6 2 0  1 .  9 6  5 4  1 . 8 1 92 1 .  7 1  1 39 1 .  5 6  1 8 5  1 .  5 6  4 7 7  1 .  3 6  7 6 3  1 .  3 6  
1 0  4 0 3 . 2 6  1 0  3 . 4 6 44 3 . 3 1 82 1 .  96 1 35 3 . 1 6 1 8 1  3 . 1 6 4 6 7  2 . 8 6 75 3 2 . 6 1 
1 0  4 0 3 . 69 1 5  3 . 8 9 48 3 . 84 8 7  3 . 84 1 3 7 3 . 79 1 8 3  3 . 8 4 4 7 1  3 . 69 7 5 8  3 . 69 
1 0  4 0 3 . 2 6 2 0  2 . 5 6 5 5  2 . 3 6 9 3  2 . 3 1 1 40 2 . 2 6  1 8 5  2 . 1 6 4 7 8  1 .  8 6  7 6 3  1 .  8 6  
.. _ .. .. 
00 
w 
Ta ble D-3 . Hydrau l i c  Head s ( fee t of water ) for the NE P i e zome ter Bank 
Depth D i s tance T ime I n i t ial Time Head Ti me Head Time Head T ime Head Time Head Time Head Time Head 
( f t )  ( f t )  ( m i n ) Head ( m i n ) ( f t )  ( m in ) ( f t )  ( m i n ) ( f t )  ( m i n ) ( f t )  ( m in ) ( f t )  ( m in ) ( ft )  ( m i n ) ( f t )  
6 
6 
6 
6 
6 
6 
7 
7 
7 
7 
7 
7 
8 
8 
8 
8 
8 
8 
9 
9 
9 
9 
9 
9 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
6 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2 . 70 2 2  1 . 9 0 5 6  1 . 75 9 3  1 .  60 
27 1 . 9 5 61 1 . 80 2 . 70 
2 . 75 
2 . 6 7 
2 . 7 6 
2 .  72 
2 . 75 
2 . 7 7 
2 . 9 5 
2 . 8 3 
2 . 7 9 
2 . 68 
2 . 88 
2 . 9 7 
2 . 66 
2 . 82 
2 . 80 
2 . 8 8 
2 . 8 3 
2 . 9 7 
2 . 9 3 
2 . 8 1 
2 . 8 6 
2 . 70 
3 1  2 . 1 5 6 8  2 . 00 1 0 4  2 . 05 
2 2  2 . 02 
2 7  2 .  4 6  
3 2  2 . 32 
2 3  1 .  70 
28 l .  87 
32 2 .  80 
23 2 . 1 3 
2 8  2 . 1 9 
3 3  2 . 5 3 
5 7  1 .  82 
62 2 . 41 
6 8  2 . 2 2 
5 7  1. 5 5  
6 2  1 .  er: 
69 2 . 85 
5 8  1 .  9 3  
6 3  1 .  9 9  
69 2 . 5 3 
2 4  2 . 8 3 5 8  2 . 78 
2 8  2 . 9 7 64 2 . 8 7 
3 3  2 . 3 6 70 2 . 0 6 
2 4  2 . 1 7 5 9  1 . 92 
2 9  2 . 2 5  65 2 . 00 
34 2 . 88 70 2 . 78 
2 5  1 . 78 5 9  1 . 5 3 
2 9  2 . 92 6 6  2 . 7 7 
34 3 . 0 3 7 1  2 . 9 3 
2 5  2 . 7 1 60 2 . 61 
30 · 2 . 2 1  6 6  2 . 0 1 
35 2 . 1 0 7 1  1 . 95 
9 3  1 . 72 140 1 . 5 7 
9 8  2 . 2 6  
1 0 4  2 . 12 
9 4  1 . 45 1 4 1  1 . 2 5 1 8 9  1 . 2 5  480 0 . 90 764 0 , 95 
99  1 . 5 7 143 1 . 52 1 92 1 . 22 48 3 1 . 2 2 768 1 . 12 
1 0 4  2 . 8 5 1 4 6 2 . 75 1 9 5  2 . 5 5 48 7 2 . 55 771 2 . 45 
9 5  1 . 78 1 4 1 1 . 68 1 8 9  1 . 5 8 480 1 . 2 8  765  1 . 2 3  
100 1 . 3 4 1 4 3  1 . 7 4 1 92 1 . 6 4 4 8 4  1 . 44 7 6 8  1 . 34 
1 0 4  2 . 38 1 46 2 . 3 3 1 9 5  2 . 2 8  4 8 7 . 1 . 6 8 7 7 1  1 . 38 
9 6  2 . 7 3 1 42 2 . 68 1 9 0  2 . 68 480 2 . 38 7 6 5  2 . 1 8 
1 0 1  2 . 82 1 44 2 . 82 1 9 3  2 . 62 484 2 . 62 7 6 8  2 . 52 
1 0 4  1 . 8 6 1 47 1 . 7 6 1 9 6  1 . 5 1 488 1 . 2 1  7 72 1 . 0 6 
9 6  1 . 82 1 42 1 . 72 1 9 0  1 . 72 48 1 . 1 . 42 7 65 1 . 32 
1 0 1  1 . 9 0 1 44 1 . 8 0 1 9 3  1 . 80 48 4 1 . 5 0 7 6 9  1 . 30 
1 05 2 . 70 1 4 7  2 . 68 1 9 6  2 . 5 3 48 8 2 . 48 7 72 2 . 48 
9 6  1 . 5 3 1 42 1 . 5 3 1 9 1  1 . 4 3 48 1 1 . 2 3  7 6 6  1 . 1 3 
1 02 2 . 7 7 1 44 2 . 82 1 9 3  2 . 77 485 2 . 4 7 7 6 9  2 . 37 
105 2 . 9 3 1 4 7  2 . 8 3 1 9 6  2 . 8 3 488 2 . 9 3 7 72 2 . 8 3 
9 7  2 . 46 1 42 2 . 4 1 1 9 1  2 . 2 1  48 1 1 . 7 1 7 6 6  1 . 5 1 
1 02 1 . 9 6 1 45 1 . 8 6 1 9 4  1 . 7 6 485  1 . 6 6 769 1 . 4 6 
105  1 . 85 1 4 7  1 . 8 5 1 9 6 1 . 75 489 1 . 45 7 7 3  1 . 35 00 � 
Ta ble D-3 . ( cont i nued ) 
Depth D i s tance Time I n i t i a l  T ime Head T ime Head T ime Head T ime Head T ime Head T ime Head T ime Head 
( ft )  ( f t )  ( m i n )  Head ( m i n ) ( f t )  ( m in ) ( f t )  ( m i n ) ( f t )  ( m i n ) ( f t )  ( m i n ) ( f t )  ( m i n ) ( f t )  ( m i n ) ( f t )  
1 0  2 0 2 . 95 2 6  2 . 8 5 6 0  2 . 7 5 9 7  2 . 65 1 42 2 . 5 5 1 9 1  2 . 5 5 482 2 . 1 5 7 6 6  1 .  8 5  
1 0  2 0 2 . 8 3 30 2 . 8 3 6 7  2 . 7 3 1 0 3  2 . 7 3 1 4 5  2 . 6 3 1 9 4  2 . 5 3 485  2 . 2 3  7 70 1 .  9 8  
1 0  2 0 2 . 7 4 3 5  2 . 5 9 72 2 . 44 1 0 5 2 . 4 4 1 48 2 . 4 4 1 9 6  2 . 34 4 8 9  1 .  7 4  7 7 3  1 . 5 4 
1 0  4 0 2 . 69 2 6  2 . 2 4  6 1  2 . 0 4 9 7  1 .  9 9  1 4 3 1 .  8 9  1 92 1 .  79 482 1 .  59 7 6 7 1 .  44 
10 4 0 2 . 8 3 3 1  2 . 68 6 7  2 . 5 8 1 0 3  2 . 5 3 1 4 6  2 . 48 1 9 5  2 . 38 48 6 1 .  9 3  7 70 1 .  6 8  
1 0  4 0 3 . 0 6 3 6  2 . 9 1 72 2 . 9 1 10 6  2 .  9 1  1 48 2 . 9 1 1 9 7 2 . 8 6 490 2 . 6 6 774 2 . 5 6 
00 CJ1 
Ta ble D-4 .  Hydraul i c  Heads ( feet o f  water ) for the SE P i e zometer Bank 
Depth D i s tance T ime I n i t i al T ime Head Time He ad Time He ad Time Head Time Head T ime Head Time Head 
( f t )  ( f t )  ( m i n )  Head C m in ) ( f t )  ( m i n ) ( f t )  ( min ) ( f t )  ( m i n ) ( ft )  ( m in ) ( f t )  ( m in ) ( f t )  ( m in ) ( f t )  
6 
6 
6 
6 
6 
6 
7 
7 
7 
7 
7 
7 
8 
8 
8 
8 
8 
8 
9 
9 
9 
D 
9 
9 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 . 3 6 
3 . 49 
3 . 39 
3 . 47 
3 . 2 9 
3 . 3 1 
3 . 44 
3 . 4 7 
3 . 2 3  
3 . 4 1 
3 . 4 1 
3 . 2 9  
3 . 47 
3 . 40 
3 . 48 
3 . 5 0 
3 . 4 3 
3 . 40 
3 . 4 3 
3 . 75 
4 . 04 
3 . 89 
3 . 42 
4 . 2 9 
1 1  2 . 1 1 3 3  2 . 0 6 5 9  2 . 0 6 12 3 2 . 0 6 
1 3  2 . 7 9 3 7  2 . 49 6 3  2 . 2 9 
1 5  2 . 79 
1 1  2 .  7 7  
1 3  2 . 79 
1 5  2 . 9 1 
1 1  2 .  6 4  
1 3  2 .  62 
16 2 . 6 3 
1 1  2 . 7 1 
1 3  2 .  7 1  
1 6  2 . 69 
12 2 . 52 
1 4 . 2 . 35 
1 6  3 . 2 3 
12 2 . 75 
1 4  2 . 8 8 
1 7  2 . 95 
1 2  2 . 5 3 
1 4  3 . 70 
1 7  3 . 5 4 
12 3 .  6 9  
1 4  2 . 77 
1 8  4 . 0 9 
40 2 . 5 9 
3 3  2 . 5 7 
37 2 . 5 9 
40 2 . 8 1 
3 3  2 . 5 4 
3 7  2 . 42 
40 2 . 2 3  
3 4  2 . 6 1 
37 2 . 5 6 
40 2 . 5 4 
34 2 . 32 
38 2 . 1 5 
4 1  3 . 2 3 
35 2 . 5 0 
38 2 . 7 8 
4 1  2 . 65 
38 3 . 70 
42 3 .  74 
36 3 . 69 
39 2 .  72 
42 4 . 2 9 
5 9  2 . 2 7  1 2 3 2 . 1 7 
6 3  2 . 2 9  1 62 2 . 1 9 
6 6  
5 9  
2 . 5 1 
2 .  3 4  1 2 3 2 . 1 4 1 60 1 , 9 4 445 
64 2 . 32 1 2 5  2 . 02 1 62 1 . 92 449 
6 6  2 . 1 3 12 8 2 . 0 3 1 65 2 . 0 3 
5 9  2 . 4 1 12 3 2 . 2 1  1 60 2 . 1 1 445 
6 4  2 . 4 6 12 6 1 . 7 6 1 6 3  2 . 1 6 450 
6 6  2 . 44 12 8 2 . 04 1 65 2 . 2 4  454 
60 2 . 07 12 3 1 . 92 1 60 1 . 92 446 
65 2 . 1 5 12 6 1 . 9 5 163 1 . 9 5 450 
6 7  3 . 2 3 12 8 3 . 2 3  1 65 3 . 1 3 45 4 
60 2 . 5 0 1 2 4  2 .. 2 0  1 6 1  2 . 1 0 446 
65 2 . 5 8 12 7 2 . 48 1 64 2 . 48 450 
6 7  2 . 45 1 2 9  2 . 35 166 2 . 35 455 
65 
6 8  
6 1  
65 
68 
124 1 . 9 3 1 6 1  1 . 8 3 446 
3 . 70 12 7 3 . 70 1 6 4 3 . 70 45 1 
3 . 74 12 9 3 . 5 9 1 6 6  3 . 49 455 
3 . 69 124 3 . 59 1 6 1  3 . 3 9 447 
2 . 32 12 7 2 . 32 1 64 2 . 22 45 1 
4 . 2 9 12 9 4 . 0 9 1 6 6  4 . 2 9 45 6 
1 .  8 4  7 3 4  
1 .  7 2  7 3 9  
744 
1 .  81  7 34 
1 .  8 6  7 3 9  
1 .  8 4  7 4 4  
1 .  6 4  
1 . 52 
1 .  6 3  
1 .  7 1  
1 .  7 1  
1 .  7 4  
1 .  7 2  7 3 5  1 .  62 
1 .  65 740 1 .  5 5  
2 . 5 3 7 4 4  2 . 3 3 
1 .  9 0  7 35 1 .  80 
1 .  9 8  7 40 1 .  9 3  
1 .  9 5  745 1 .  8 5  
1 .  4 3  7 3 6  
3 . 70 7 4 1  
3 . 74 745 
3 . 49 7 3 6  
2 . 02 7 4 1  
4 . 1 4 745 
1 .  33 
3 . 70 
3 . 64 
3 . 69 
1 .  92 
4 . 1 9 00 m 
Ta ble D-4 . ( con t i nued ) 
De p t h  D i s tance Time I n i t ia l  Time Head Time Head Time Head Time Head T ime Head Time Head T ime Head 
( f t ) ( f t )  ( min ) Head ( m i n ) ( f t ) ( m in ) ( f t )  ( m i n ) ( f t )  ( m i n ) ( f t )  ( m i n ) ( f t )  ( mi n ) ( f t )  ( m i n ) ( f t )  
1 0  2 0 3 . 60 1 3  2 . 9 0 3 6  2 . 8 0 62 2 . 60 12 4 2 . 5 0 1 6 1  2 . 40 4 4 7  2 . 2 0 7 3 7  1 .  9 5  
1 0  2 0 3 . 52 1 4  3 . 3 7 3 9  3 . 2 7 65 3 . 0 7 1 2 7 2 . 8 7 1 64 2 . 8 7 45 1 2 . 3 7 742 2 . 1 7 
1 0  2 0 4 . 34 1 8  3 . 8 9 4 3  4 . 3 9 6 9  4 . 39 1 30 4 . 1 9 1 6 6  4 . 2 9 45 6 4 . 2 4 7 4 6  4 . 2 4 
1 0  4 0 3 . 52 1 3  2 . 92 36  2 . 82 6 3  2 .  7 2  1 2 4  2 . 32 1 6 1  2 . 42 448 2 . 22 7 3 7  1 .  9 2  
10 4 0 3 . 47 1 5  3 . 3 7 3 9  3 . 3 7 6 6  3 . 1 7 12 7 2 . 9 7 1 64 2 . 92 452 2 . 4 7 7 42 � . 1 7 
1 0  4 0 4 . 3 6 1 9  3 . 8 1 4 3  3 . 8 1 6 9  4 . 3 1 1 30 4 . 3 1 1 6 7  4 . 3 1 45 7 4 . 3 1 7 4 6  4 . 2 6  
00 -...] 
8 8  
APP END I X  E 
S O J I, WATER HYDRAU L I C  HEAD RAT I OS 
Table E-1 . Hydrau l i c  Head Ra t ios for the P i e zome tr i c  Data of the SW P i ezome ter Bank 
De pth D i s tance Time Rat io Time Rat i o  Time Rat i o  T ime Rat io T ime Rat io Time Rat i o  T ime Rat i o  T ime Rat io 
( f t )  ( f t )  ( m i n ) ( m in ) ( mi n ) ( m i n ) ( mi n ) ( m in ) ( m i n ) ( mi n ) 
6 a )  
6 a )  
2 
2 
6 a )  2 
6 a )  4 
6 a )  4 
6 a )  4 
7 a )  2 
7 
7 
7 
7 
7 
8 a )  
8 
8 
8 
8 
8 
9 
9 
9 
9 
9 
9 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 0 0 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
2 0 . 8 6 2 0  0 . 5 3 
5 0 . 9 4 2 4  0 . 9 7 
7 0 . 64 2 9  0 . 5 6 
2 0 . 62 
5 0 . 70 2 4  0 . 5 3 
8 0 . 69 2 9  0 . 5 5 
5 0 . 68 
8 0 . 3 1 
3 0 . 65 
6 0 . 7 3 
8 0 . 66 
6 0 . 9 3 
9 0 . 9 3 
4 . 0 .  75 
6 0 . 68 
9 0 . 65 
4 0 . 9 7 
6 0 . 42 
9 0 . 92 
4 1 . 0 1 
7 0 . 70 
2 5  0 . 5 0 
2 9  0 . 2 9  
2 1  0 . 49 
2 5  0 . 60 
30 0 . 5 7 
0 1 . 00 9 0 . 98 
2 6  0 . 90 
3 0  0 . 9 3 
2 2  0 . 52 
2 6  0 . 6 1 
3 1  0 . 5 9 
22 0 . 9 1 
2 6  0 . 3 6 
3 1  0 . 8 7 
2 3  0 . 9 6 
2 7  0 . 69 
3 1  0 . 9 6 
-:. � 
48 0 . 48 
52 0 . 7 7 
52 0 . 5 1 
5 5  0 . 5 5 
52 0 . 4 7 
5 6  0 .  2 6  
4 8  0 . 4 3 
5 3  0 . 60 
5 6  0 . 5 5 
5 3  0 . 9 3 
5 7  0 . 9 1 
49 0 . 4 3 
5 3  0 . 5 6 
5 7  0 . 5 6 
5 0  0 . 8 8 
5 3  0 . 3 7 
5 7  0 . 92 
5 1  0 . 9 6 
5 4  0 . 52 
5 8  0 . 9 6 
1 1 7  0 . 45 
1 1 9 0 . 5 0 
1 1 7  o .  3 3  
12 0 0 . 2 9  
1 1 4  0 . 39 
l l 8 o .  49 
1 2 0  0 . 49 
l l8 0 . 9 3 
12 0 0 . 9 1 
l l 5  0 . 4 3 
1 1 8 o .  5 0  
1 2 1 0 . 45 
1 1 5 0 .  8 5  
1 1 8  0 . 2 9 
12 1 0 . 8 7 
1 1 6  0 . 9 6 
1 1 8 0 . 5 5 
12 1 0 . 8 7 
1 65 0 . 45 
1 65 0 . 39 4 3 6  0 . 35 
1 62 0 . 40 4 3 3  0 . 3 3 
1 6 6  0 . 4 6 4 3 7  0 . 42 
1 68 0 . 4 6 440 0 . 42 
1 6 6  0 . 8 8 4 3 7  0 . 85 
1 6 8  0 . 9 1 4 4 1  0 . 8 3 
1 63 0 . 41 
1 66 0 . 50 
1 68 0 . 52 
1 6 3  0 . 82 
1 6 6  0 . 2 9 
1 68 0 . 8 4 
4 32 o .  3 6  
4 3 7  0 . 45 
4 4 1  0 . 45 
4 3 3  0 . 67 
4 38 0 . 2 6  
442 0 .  72 
1 6 4  0 . 9 6 4 3 3  0 . 8 3 
1 6 7 0 . 4 4 4 3 8  0 . 4 3 
1 68 0 . 8 5 4 42 0 . 92 
72 0 0 . 2 9  
72 3 o .  3 8  
72 8 0 . 38 
72 4 0 . 79 
72 9 0 .  75 
7 1 9  0 . 3 5 
72 4 o .  40 
72 9 0 . 4 3 
72 0 0 . 52 
72 5 0 . 2 4 
730 0 . 64 
72 0 o .  72 
72 5 0 . 4 1 
7 30 0 . 8 7 00 <D 
Ta b l e  E-1 . ( con t i nued ) 
Dep t h  D i s tance Time Ra t i o  T ime Rat i o  Time Rat i o  Time Rat i o  Time Rat i o Time Ra t io Time Rat i o  Time Ra t io 
( ft )  ( f t )  ( m i n )  ( m i n )  ( m in )  ( min ) ( m i n )  ( m in ) ( mi n )  ( min ) 
1 0  2 0 1 . 00 4 0 . 45 2 3  0 . 3 4 5 1  0 . 34 1 1 6  0 . 3 4 1 64 0 . 3 4 4 3 4  0 . 32 72 1 0 . 2 8 
10 2 0 1 . 00 7 0 . 9 4 2 8  0 . 9 4 5 4  0 . 9 4 1 1 9  0 . 9 4 1 6 7  0 . 9 1 4 3 8  0 . 82 72 6 o .  70 
10 2 0 1 . 00 1 0  0 . 62 32 0 . 5 6 5 8  0 .  5 4  1 2 2  0 . 5 1 1 69 0 . 5 1 4 4 3  0 . 4 6 7 3 1  0 . 4 3 
1 0  4 0 1 . 00 5 0 . 9 3 2 4  0 . 8 7 52 0 . 8 1 1 1 7  o .  6 8  1 65 0 . 65 435 0 . 52 72 1 0 . 4 7 
1 0  4 0 1 . 00 7 0 .  72 2 8  0 . 69 5 5  0 . 64 1 1 9  0 . 5 8 1 6 7  0 . 5 6 4 3 9  0 . 5 0 72 6 0 . 4 6 
1 0  4 0 1 . 00 1 0  0 . 70 32 0 . 6 6 5 8  0 . 66 122 0 . 5 8 1 69 0 . 5 3 4 4 3  0 . 5 0 7 32 0 . 4 7 
a )  Set o f  data not used in s tat i s t i ca l  ana l y s e s  
<.O 0 
Ta b l e  E-2 . Hydraul i c  Head Rat ios for the P ie zome t r i c  Data o f  the NW P ie zome ter Bank 
De pth D i s tance Time Rat io T ime Rat io T ime Rat io T ime Rat io T ime Rat io T ime Rat io Time Rat io T ime Rat io 
( f t )  ( f t )  ( m i n )  ( mi n ) ( mi n )  ( mi n ) ( m in ) ( mi n ) ( m i n )  ( mi n ) 
6 a )  2 
6 a )  2 
6 a )  2 
6 a )  4 
6 a )  4 
6 a )  
7 
7 
7 
7 
7 
7 
8 
8 
8 
8 
8 
8 
9 
9 
9 
9 
9 
9 
4 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
2 0 . 8 4 
1 1  1 . 0 0 
1 6  0 . 9 7 
3 0 . 9 1 
1 1  0 .  9 3  
1 6  0 . 8 5 
5 0 . 8 4 
12 0 . 80 
1 7  0 . 8 1 
7 0 . 9 1 
12 0 . 8 7 
1 7  0 . 8 7 
8 1 . 0 3 
1 3  0 . 82 
1 8  1 .  0 6  
8 0 . 9 4 
1 3  0 . 9 1 
1 8  0 . 8 8 
9 1 . 0 3 
1 4  0 . 79 
1 9  0 . 9 9 
9 0 . 9 9 
1 5  0 . 8 4 
1 9  0 . 9 7 
38 0 . 5 4 
44 o .  72 
49 0 . 92 
39 0 . 69 
4 4  0 . 82 
5 0  0 . 68 
40 0 . 6 1 
45 0 . 6 6 
5 1  0 . 64 
4 1  0 .  7 1  
45 o .  72 
52 0 . 75 
4 1  1 .  0 1  
45 0 . 6 7 
52 1 .  05  
42 o .  72 
46 0 . 78 
5 3  0 . 74 
42 0 . 9 4 
4 6  0 . 64 
5 3  0 . 9 4 
4 3  0 . 75 
4 6  0 . 72 
5 4  0 . 9 4 
8 3  0 .  7 1  
8 8  0 . 8 4 
7 8  0 . 5 9 
8 3  0 .  62 
88 0 . 64 
79 0 . 5 5 
8 4  0 . 6 1 
8 9  0 . 62 
80 0 . 6 6 
8 5  0 . 6 9 
8 9  o .  7 1  
8 0  1 .  0 3  
8 5  0 . 62 
9 0  1 .  0 6  
8 1  0 .  72 
86 o .  7 1  
9 0  0 . 73 
8 1  0 . 9 7 
8 6  0 . 65 
9 1  0 . 8 8 
8 1  0 . 9 1 
8 7  0 . 68 
9 1  0 . 8 7 
1 35 0 . 63 
1 3 7 0 . 8 1 
1 3 7 0 . 6 1 
1 3 3 0 . 47 
1 35 0 . 5 8 
1 3 7  0 . 5 0 
1 33 0 . 60 
1 35 0 . 64 
1 3 7  0 . 68 
1 3 3  0 . 9 4 
1 3 6  0 . 6 1 
1 38 1 .  0 6  
1 3 4  0 . 64 
1 3 6 0 . 68 
1 38 0 . 67 
1 34 0 . 92 
1 36 0 . 64 
1 38 0 . 8 1 
1 34 0 . 68 
1 36 0 . 65 
1 39 0 . 79 
1 8 1  0 . 60 4 6 7  0 . 60 
1 8 3  0 . 6 1 4 72 
1 7 9  0 . 44 4 62 
1 8 1  0 . 5 6 4 6 8  
1 8 3  0 . 5 8 4 7 3  
1 79 0 . 60 4 62 
1 8 1  0 . 6 1 468 
183 0 . 6 6 4 7 4  
1 8 0  0 . 9 7 4 6 3  
1 82 0 . 5 8 4 6 9  
1 8 4  1 .  0 3  4 7 4  
1 8 0  0 . 6 1 4 6 3  
1 82 0 . 6 6 4 6 9  
1 8 4  0 . 70 4 75 
1 8 0  0 . 8 9 4 6 4  
1 82 0 . 6 1 4 6 9  
1 8 4  0 . 8 1 4 75 
1 8 0  0 . 65 465  
1 82 0 . 6 3 4 70 
0 . 5 3 
0 . 44 
0 . 49 
0 . 5 0 
0 . 49 
0 . 5 5 
0 . 5 6 
0 . 92 
0 . 52 
0 . 9 4 
0 . 5 7 
0 . 60 
0 . 5 8 
0 . 8 9 
0 . 5 5 
0 . 6 6 
0 . 5 6 
0 . 5 6 
1 8 4  0 . 7 6 4 7 6  0 . 6 1 
750 0 . 44 
7 5 5  0 . 4 7 
760 0 . 5 0 
750 0 . 52 
75 5 0 . 5 4 
760 0 . 5 4 
75 1 0 . 92 
7 5 6 0 . 52 
7 6 1  0 . 82 
7 5 1  0 . 5 5 
7 5 6  0 . 5 6 
7 6 1  0 . 5 8 
752 0 . 8 6 
75 7 0 . 52 
762 o .  5 7  
752 0 . 5 3 
7 5 7  0 . 5 3 
7 62 0 . 5 5 <.O r-o 
Tab l e  E-2 . ( cont i nued ) 
Depth Di s tance T ime Rat io Time Rat io Time Rat i o  Time Ra t i o  Time Rat i o  Time Rat i o  T ime Rat i o  Time Ra t io 
( f t )  ( f t ) ( m i n )  ( m i n )  ( m i n )  ( m in ) ( min ) ( m i n ) ( m in ) ( m i n )  
2 0 1 . 00 1 0  0 . 9 9 4 3  0 . 9 4 82 1 . 00 1 34 0 . 82 1 80 0 . 7 9 4 6 6  0 . 6 7 75 3 0 . 5 7 
1 0  2 0 1 . 00 1 5 1 . 0 1 4 7  0 . 62 8 7  0 . 5 9 1 3 6  0 . 5 8 1 82 0 . 5 8 4 70 0 . 49 75 8 0 . 4 3 
1 0  2 0 1 . 0 0 2 0  0 . 60 5 4  0 . 5 6 92 0 . 52 1 39 0 . 48 1 85 0 . 48 4 7 7  0 . 42 7 6 3  0 . 42 
1 0  4 0 1 . 00 1 0  1 . 0 6 44 1 . 02 82 0 . 60 1 35 0 . 9 7 1 8 1  0 . 9 7 4 6 7  0 . 8 8 75 3 0 . 8 0 
1 0  a )  4 0 1 . 0 0 1 5 1 . 0 5 48 1 . 0 4 8 7  1 . 0 4 1 3 7  1 .  0 3  1 8 3  1 .  0 4  4 7 1  1 . 00 7 5 8  1 .  00 
1 0  4 0 1 . 00 2 0  0 . 79 5 5  o .  72 9 3  o .  7 1  1 40 0 . 69 1 8 5  0 . 6 6 4 78 0 . 5 7 7 6 3  0 . 5 7 
a )  S e t  o f  data not used in the s tat i s t i ca l  ana l y s e s  
. .. ... 
<!) 
I\) 
Ta b l e  E-3 . Hydraul i c  Head Rat ios for the P i e zome t r i c  Data of t he NE P i ezome ter Bank 
De pth D i s tance Time Ra t i o  T ime Rat io T ime Rat i o  T ime Rat io Time Rat i o  Time Rat i o  Time Rat i o  T ime Ra t i o  
( f t )  ( f t )  ( m in )  ( min ) ( m i n ) ( m i n )  ( m i n ) ( m i n )  ( m i n ) ( m i n ) 
6 a )  
6 a )  
6 a )  
6 a )  
6 a )  
6 a )  
7 
7 
7 
7 
7 
7 
8 
8 
8 
8 
8 
8 
9 
9 
9 a )  
9 
9 
9 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
0 1 . 00 2 2  0 . 70 
0 1 . 0 0 
0 1 . 00 
0 1 . 00 
0 1 . 0 0 
0 1 . 00 
0 1 . 0 0 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 0 0 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
2 7  0 . 72 
3 1  0 . 78 
22 0 . 7 6 
2 7  0 . 8 9 
32 0 .  8 5  
2 3  0 . 62 
2 8  0 . 68 
32 0 .  9 5  
2 3  0 . 7 5 
2 8  0 . 78 
3 3  0 . 9 4 
2 4  0 . 9 8 
2 8  1 .  00 
3 3  0 . 8 9 
2 4  0 . 7 7 
2 9  0 . 80 
34 1 .  00 
2 5  0 . 6 3 
2 9  0 . 9 8 
34 1 .  0 3  
2 5  0 . 9 6 
30 0 . 77 
35 0 . 78 
5 6  0 . 65 
6 1  0 . 67 
68 0 . 7 3 
5 7  .. o . . 68 
62 0 . 8 7 
68 0 : 82 
5 7  0 . 5 6 
9 3  0 . 3 9 
1 0 4  0 . 75 
9 3  0 . 64 
9 8  0 . 82 
1 0 4  0 . 78 
9 4  0 . 5 3 
62 0 . 5 8 9 9  0 . 5 7 
6 9  0 . 9 7 1 0 4  0 . 9 7 
5 8  0 ; 68 . 9 5  0 . 6 3 
6 3 � 0 �71 1 0 0  0 . 66 
6 9 ·, 
. 
0 . 9 4 1 0  4 0 . 8 9 
5 8  0 . 9 7 9 6  0 . 9 5 
64 0 . 9 7 1 0 1  0 . 9 5 
70 0 . 7 7 1 0 4  0 . 70 
5 9  0 . 68 9 6  0 . 55 
65 0 . 7 1 1 0 1  0 . 68 
70 0 . 9 7 105  0 . 9 7 
5 9  0 . 5 4 9 6  0 . 5 4 
6 6  0 . 9 3 1 02 0 . 9 3 
7 1  1 .  00 
60, . 0 . 9 3 
6 6 • 0 . 70 
11\._ 0 .  72 
1 05 1 .  0 0  
9 7  0 . 8 8 
1 02 0 . 59 
105 0 . 6 9 
1 40 0 . 5 9 
1 4 1  0 . 45 
1 4 3  0 . 5 5 
1 4 6  0 . 9 3 
1 4 1  0 . 5 9 
1 4 3  0 . 62 
1 4 6  0 . 8 7 
1 42 0 . 9 3 
1 4 4  0 . 9 5 
1 4 7  0 . 6 6 
1 42 0 . 6 1 
1 4 4  0 . 64 
1 4 7  0 . 9 3 
1 42 0 .  5 4  
1 4 4 0 . 9 5 
1 4 7  0 . 9 7 
1 42 0 . 8 6 
1 45 0 . 65 
1 4 7  0 . 6 9 
1 8 9  0 . 45 
1 92 0 . 44 
1 9 5  0 . 8 6 
1 8 9  0 . 5 6 
1 92 0 . 5 9 
· 1 9 5  0 � 8 5  
1 9 0  0 . 9 3 
1 9 3  0 . 8 8 
1 9 6  0 . 5 7 
1 9 0  0 . 6 1 
1 9 3  0 . 64 
1 9 6  0 . 8 8 
1 9 1  0 . 5 1 
1 9 3  0 . 9 3 
1 9 6  0 . 9 7 
1 9 1  0 . 79 
1 9 4  0 . 62 
1 9 6  0 . 65 
4 8 0  0 . 3 3 
4 8 3  0 . 4 4 
4 8 7 ·0 . 8 6 
4 8 0  0 . 45 
4 8 4  0 . 52 
4 8 7  0 . 6 3 
480 0 . 8 3 
484 0 . 8 8 
488 0 . 45 
4 8 1  0 . 5 0 
484 0 . 5 4 
48 8  0 . 8 6 
4 8 1  0 . 4 3 
485 0 . 8 3 
488 1 .  0 0  
4 8 1  0 . 6 1 
485 0 . 5 8 
489 0 . 5 4 
7 6 4  0 . 35 
768 0 . 40 
7 7 1  0 . 8 3 
765  0 . 4 3 
768 0 . 4 8 
7 7 1  0 . 5 1 
7 6 5  0 . 7 6 
768 0 . 8 5 
7 72 0 . 40 
765  0 . 4 7 
769 0 . 4 6 '  
7 72 o .  8 6  
7 6 6  0 . 40 
769 0 . 80 
772 0 . 9 7 
7 6 6  0 . 5 4 
769 0 . 5 1 
7 7 3  0 . 5 0 CD w 
Tab l e  E-3 . ( cont i nued ) 
Depth D i s tance Time Rat i o  T ime Rat i o  Time Rat i o  Time Rat io T ime Rat i o  T ime Rat i o  T ime Rat i o  T ime Ra t io 
( f t )  ( f t ) ( m i n ) ( m i n ) ( m i n )  ( m i n ) ( m i n )  ( m i n )  ( m i n )  ( m i n )  
1 0  2 0 1 . 00 2 6  0 . 9 7 60 0 . 9 3 9 7  0 . 90 1 42 0 . 8 6 1 9 1  0 . 8 6 482 0 . 7 3 7 6 6  0 . 6 3 
1 0  2 0 1 . 0 0 30 1 . 00 67 0 . 9 6 1 0 3  0 . 9 6 1 45 0 . 9 3 1 9 4 0 . 8 9 485  0 . 79 770 0 . 70 
10 2 0 1 . 00 35 0 . 9 5 72 0 . 8 9 1 05 0 . 8 9 1 48 0 . 8 9 1 9 6  0 . 8 5 4 8 9  0 . 64 7 7 3  0 . 5 6 
1 0  4 0 1 . 00 2 6  0 . 8 3 6 1  0 . 76 9 7  0 . 74 1 4 3  0 . 70 1 92 0 . 6 7 482 0 . 5 9 7 6 7  0 . 5 tl 
1 0  4 0 1 . 00 3 1  0 . 9 5 67 0 . 9 1 1 0 3  0 . 89 1 4 6  0 . 8 8 1 9 5  0 . 8 4 4 8 6  0 . 6 8 770 0 . 5 9 
1 0  4 0 1 . 00 3 6  0 . 9 5 72 0 . 9 5 1 06 0 . 9 5 148 0 . 9 5 1 9 7  0 . 9 3 490 0 . 8 7 7 7 4  0 . 8 4 
a )  S e t  of data not used i n  t he s tat i s t i cal analys i s  
(.0 � 
Tab l e  E-4 . Hydrau l i c  Head Ratios for the P i e zome t r i c  Data o f  t he S E  P i ezome ter Bank 
Depth D i s tance Time Rat i o  Time Rat i o  T ime Rat i o  Time Rat i o  T ime Rat i o  T ime Rat i o  Time Rat i o  Time Ra t i o  
( ft )  ( f t )  ( m i n )  ( m i n )  ( mi n )  ( m i n )  ( mi n ) ( m i n ) ( m i n )  ( m i n )  
6 a )  
6 a )  
6 a )  
6 a)  
6 a)  
6 a) 
7 
7 
7 
7 
7 
7 
8 
8 
8 
8 
8 
8 
9 
9 
9 a )  
9 
9 
9 a )  
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
2 
2 
2 
4 
4 
4 
0 1 . 00 
0 1 . 0 0 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 0 0 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 00 
0 1 . 0 0 
0 1 . 00 
1 1  0 .  6 3  
1 3  0 . 80 
1 5  0 . 82 
1 1  o .  8 0  
1 3  0 . 8 5 
1 5  0 . 88 
1 1  o .  77 
13 0 . 7 6 
1 6  0 . 8 1 
1 1  0 .  79  
13  0 . 79 
1 6  0 . 82 
12 0 . 7 3 
1 4  o . . 6 9  
1 6  0 . 9 3 
12 . 0 .  79 
14 0 . 8 4 
1 7  0 . 8 7 
12 0 . 7 4 
1 4  0 . 9 9 
17 0 . 8 8 
12 o .  95 
14 0 . 8 1 
1 8  0 . 9 5 
3 3  0 . 6 1 
37 0 . 7 1 
40 0 . 7 6 
3 3  0 . 7 4 
3 7  0 . 79 
40 0 . 8 5 
3 3  0 . 7 4 
37 0 . 70 
40 0 . 69 
34 0 . 7 7 
37 0 . 7 5 
40 0 . 7 7 
3 4  0 . 6 7 
38 0 . 6 3 
4 1  0 . 9 3 
35 0 .  7 1  
3 8  0 . 8 1 
4 1  0 . 78 
38 0 . 9 9 
42 0 . 9 3 
36 1 .  00 
39 0 . 8 0 
42 1 .  00 
59 0 . 64 
6 3  0 . 66 
5 9  0 . 65 
6 3  0 . 70 
6 6  0 . 76 
5 9  0 . 6 8 
6 4  0 . 6 7 
6 6  0 . 66 
5 9  o .  7 1  
64 o .  72 
66 0 . 7 4 
6 0  0 . 60 
6 5  0 . 6 3 
6 7  0 . 9 3 
6 0  o . 7 1  
6 5  0 . 75 
6 7  0 . 72 
65 0 . 9 9 
6 8  0 . 9 3 
6 1  0 . 9 5 
65 0 . 68 
68 1 .  00 
12 3 0 . 6 1 
12 3 o .  6 3  
i2 3 0 .  62 
1 2 5  0 .  5 8  
1 2 8  0 . 6 3 
12 3 0 . 65 
1 2 6 o .  52 
1 2 8  o .  62 
12 3 0 .  5 5  
12 6 0 . 5 7  
12 8 0 . 9 3 
1 2 4  0 .  6 3  
12 7 o .  72 
1 2 9  0 . 69 
1 2 4  0 .  5 6  
12 7 1 . 0 1 
12 9 0 . 8 9 
12 4 0 .  92 
12 7 0 . 68 
1 2 9  0 . 9 5 
1 62 0 . 67 
1 60 0 . 5 6 445 
1 62 0 . 5 5 449 
1 65 0 . 6 3 
1 6 0  0 . 62 445 
1 63 0 . 6 3 450 
165 0 . 6 8 454 
160 0 . 5 5 446 
163 0 . 5 7 450 
165 0 . 90 454 
0 . 5 3 
0 . 5 0 
0 . 5 3 
0 . 5 5 
0 . 5 6 
0 . 5 0 
0 . 49 
0 . 7 3 
1 6 1  0 . 60 
1 6 4  0 . 72 
1 6 6  0 . 6 9 
1 6 1  0 . 5 3 
446 0 . 5 4 
450 0 . 5 8 
455 0 . 5 7 
446 0 . 42 
1 64 0 . 9 9 45 1 0 . 9 9 
1 6 6 0 . 8 6 .5 5  0 . 9 3 
1 6 1  0 . 8 7 447 0 . 90 
1 6 4  0 . 6 5 45 1 0 . 5 9 
1 66 1 . 00 4 5 6  0 . 9 7 
7 3 4  0 . 48 
739 0 . 4 4 
744 0 . 5 0 
7 3 4  0 . 5 0 
7 3 9  0 . 5 0 
744 0 . 5 3 
735  0 . 4 7 
740 0 . 46 
744 0 . 6 7 
7 3 5  0 . 5 1 
740 0 . 5 6 
745 0 . 5 4 
7 3 6  0 . 39 
7 4 1  0 . 99 
745 0 . 90 
736 0 . 9 5 
741  0 . 5 6 
745 0 . 9 8 © 
(JI 
Table E-4 . ( cont inued ) 
Depth D i s tance Time Rat io T ime Rat i o  Time Rat io Time Rat io Time Rat i o  T ime Rat io T ime Rat i o  T ime Ra t io 
( f t )  ( f t )  ( m i n )  ( m i n )  ( mi n )  ( min ) ( m i n )  ( m i n )  ( m i n )  ( m i n )  
1 0  2 0 1 . 00 1 3  0 . 8 1 3 6  0 . 78 62 o .  72 12 4 0 . 69 1 6 1  0 . 6 7 447 0 . 6 1 7 3 7  0 . 5 4 
1 0  2 0 1 . 0 0 1 4  0 . 9 6 39 0 . 9 3 6 5 0 . 8 7 12 7 0 . 82 1 6 4  0 . 82 4 5 1  0 . 6 7 7 42 o .  62 
10 a )  2 0 1 . 00 1 8  0 . 9 0 4 3  1 . 0 1  6 9  1 . 0 1 1 30 0 . 9 7 1 6 6  0 . 9 9 4 5 6  0 . 9 8 746 0 . 9 8 
1 0  4 0 1 . 00 1 3  0 . 8 3 3 6  0 . 7 4 6 3  0 . 77 12 4 0 . 6 6 1 6 1  0 . 6 9 448 0 . 6 3 7 3 7  0 . 5 5 
1 0  4 0 1 . 00 1 5  0 . 9 7 39 0 . 9 7 6 6  0 . 9 1 12 7 0 . 8 6 1 6 4  0 . 8 4 452 o .  71 742 0 . 6 3 
1 0  a )  4 0 1 . 00 1 9  0 . 8 7 4 3  0 . 8 7 6 9  0 . 99 1 30 0 . 9 9 1 6 7 0 . 9 9 45 7 0 . 9 9 ·74 6  0 .  9 8  
a )  S e t  o f  data n o t  u s e d  i n  the s tat i s t i ca l  analys e s  
© 0) 
APP END I X  F 
P OLYNOM I A L  R EGRES S I ON EQUAT I ONS 
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Table F -1 .  P o l ynomial Regres s i on Equat i ons 
The equa t i ons wi l l  be i n  the form : 
2 3 4 5 
r = Co + C 1T + C2T + C 3T + C 4T + C 5T 
where r h i s  the hydrau l i c  head ra t i o  
T i s  the t ime i n  m inu tes 
C o i s  t he intercept 
c 0 , c 1 , c2 , c 3 , c 4 , c 5 are t he s tat i s t i ca l ly s i gni f i cant regre s s ion coe f f i c ient s 
Locat i on Depth D i s tanc� 
( f t ) ( f t )  
SW 6 2 
NW 6 2 
NE 6 2 
SE 6 2 
SW 6 4 
C o 
0 . 9 62 
0 . 875 
1 . 02 1  
0 . 9 4 6  
0 . 788 
Po lynomial Re gre s s i on Coe f f i c ient 
C 1 C2 C 3 C4 C 5 
-0 . 12 5xl0 -l 0 . 477x l 0 -4 -0 . 399xl0 -
7 -0 .  7 7 lx l 0
- 1 0  0 . 9 7 3x l 0 - 1 3  
-o . 31s:X1 0-2 0 . 2 74xl0 -5 
-0 .  8 74xl 0 -
2 0 . 2 05xl 0-4 -0 . 1 4 lxl0 -7 
-0 . 8 90xl 0-2 0 . 2 2 6xl 0 -4 -0 . 1 66xio -7 
-0 . 358xl0-2 -0 . 4 1 0x l 0 - 4 0 . 3 8 9x l 0 - 6 -0 . 9 5 7x10- 9 0 .  6 9 6x10 - 1 2  
© 00 
Table F- 1 .  ( cont i nued ) 
Locat ion Depth D i s tance 
( f t ) ( f t )  
NW 6 4 
NE 6 4 
S E  6 4 
SW 7 2 
NW 7 2 
NE 7 2 
SE 7 2 
SW 7 4 
NW 7 4 
NE 7 4 
SE 7 · t,l 
SW 8 2 
Co 
1 . 0 0 3 
0 . 9 35 
1 . 0 0 1  
0 . 743 
0 . 9 4 3  
0 . 768 
0 . 8 8 6  
0 . 792 
0 . 9 65 
0 . 8 9 4  
0 . 905 
0 . 9 72 
C 1 Cz C 3 C4 C5 
-0 . 7 40x l 0-
2 0 . 1 8 5x l0 - 4 -0 . 1 3 9x l 0
-7 
0 . ·l l lxlO -
2 
-0 . 6 1 7xl0 
- 4  O .  l 79xl0 -6 -0 . 1 34xl 0  -
9 
-0 . 7 3 '1.xlo -
2 0 .  1 64xl0 -4 - 0 . 1 1 2 x l0 -7 
-0 . 6 1 9xl0 -
2 0 . 2 0 4x l 0-4 -0 . 1 84x l 0-
7 
-0 .  786x l 0-
2 O . 4 6 9x 1 0 -4 -0 .  l O lxl 0 -
6 0 .  679x10 -l O 
-0 . 39 8xl 0 - 3 
-0 .  3 3 5xl 0 -2 0 . 8 69xl o-
5 -0 . 6 6 5xl0-
S 
-0 • 408x l 0-2 0 . 1 1 3x l 0-4 -0 . 8 9 6x l 0 -
8 
-0 . 499xl0-
2 0 . 2 1 3x l 0 -4 -0 . 1 36xl 0-7 -0 .  602x1 0-
lO 0 . 675x10 -l
3 
-0 . 1 39x1 0-2 o . 1 12x10 -5 
-0 .  3 1 0x l 0-
2 0 . 78 lxl0 -5 -0 .  5 8  7x 10 -
8 
-0 .  1 5 4xl0 -
2 O .  l l lx l 0-4 - 0 .  2 8 lx l 0 -7 0 . 2 08xl 0- 10 (.0 
(.0 
Table F - 1 . ( c ont i nued ) 
Lo cat ion Depth D i s tance 
( f t )  ( f t ) 
NW 8 2 
NE 8 2 
S E  8 2 
SW 8 4 
NW 8 4 
NE 8 4 
S E  8 4 
SW 9 2 
NW 9 2 
NE 9 2 
SE 9 2 
SW 9 4 
Co C l Cz C 3 C 4 C5 
o .  9 32 -0 . 3 9 4x l 0 - 3 
0 . 7 9 8  -0 . 42 2xlo- 3 
0 . 790 -0 .  403xl0 -2 0 . 1 1 3xl 0 - 4 -0 . 9 8 9x l 0 -
8 
0 . 9 82 -0 . 5 9 3xl o -2 0 .  352xl0-4 -0 .  7 62x10 - 7 0 . 5 1 7x10 - 1 0  
0 . 845 -0 .  385xl0 - 3 
0 . 9 10 -0 .  2 5 9xl0
-2 0 . 608x l 0 -5 -0 . 44lxl0-8 
0 . 78 8  -0 . 498xl 0 -3 
0 . 8 9 5  -0 . 3 7 6x1 0 -3 
0 . 8 7 9  -0 . 335xi o -3 f--1 0 0 
Table F - 1 .  ( cont i nued ) 
Locat i on Dep t h  D i s tance 
( ft ) ( f t ) 
NW 9 4 
NE 9 4 
S E  9 4 
SW 1 0  2 
NW 1 0  2 
NE 1 0  2 
SE 10 2 
SW 1 0  4 
NW 1 0  4 
NE 10 4 
SE 1 0  4 
Co c l C2 C 3 C 4 C5 
0 . 9 6 8  -0 .  2 48x l0 -
2 0 .  5 1 4x l 0 -5 -0 . 3 4 6x l 0 -
8 
0 . 9 0 9  -0 .  1 3 lx l 0
-2 0 . 1 08x l 0 - 5 
0 . 8 7 7  -0 . 1 66xl 0  -
2 0 . 1 5 4x l 0 -5 
o .  9 7 1  -0 .  4 7lx10 - 3 
0 . 9 12 -0 • l l  3xl 0-2 0 .  9 4lxl 0 -6 
0 . 8 8 1  -0 .  3 1 9x l 0 -
2 0 . 808x l 0 -5 -0 .  6 1 6xi o -
8 
0 . 902 -0 . 33 5x l 0 - 3 
0 . 9 1 8  -0 . 375xl 0 -
3 
0 . 8 8 6  -0 . 445xl0 - 3 
f-' 
0 
f-' 
1 02 
APPEND IX G 
P l ots o f  Hyd rau l i c  Head Rat ios Ve r s us Time 
NW Bank 0 F i r s t  Rep l i ca t i on 
00 t\ 0 . � 0 )( )( +t � • Se cond Rep l i cat ion x Th ird Re pl i cat i on 
ro 0:: . 
'O (!j 
1 0  CL) � 
() "'11 
•1'"'1 
...-1 0 ;:1 cO � 'O >. � I 0 
00 
0 
0 
·r-i 
.,.., rd c:c: 
'O (!j CL) � 
() 
•r-1 
,...; 
;:j ro H 'O >. � 0 
d 
� I NE Bank . I I 
SE Bank 
SW Bank 
0 4 Time ( hrs ) 8  1 2  0 4 Time ( hrs)8 12 
F i gure 1 4 . P l ots o f  Hydrau l i c  Head Rat ios Ve r sus T ime for the S ix Foot P i ezome t e r s  at 
the Two Foot D i s tance 
..... 0 w 
O F i r s t  Repl i cat ion 
� +\<» tn�·� .., Se cond Rep l i cat ion )( Th i r d  Rep l i ca t i o n  0 
•r-1 +> cd 0:: 
'O I \ ""' cd Q) ::r:: "'11 
u 0 
·r-4 
...-\ 
� 
cd 
H t ' NW Bank T NE Bank "O 
;:;..., � 
0 
00 0 
•r-l 0 
+> crj � 
'O (Tj Q) � 
Q "'11 
·r1 ...-\ 0 � crj H "d ;:;..., ::i:: 
0 
SW Bank 
'------+-----+----+-----+----+----+----·� 
0 4 8 
Time ( hour s ) 
12 4 
SE Bank 
8 
Time ( hour s ) 
12 
F igur e  1 5 . P lots o f  Hydrau l i c  Head Rat ios Ver sus Time for the S ix Foot P iezometers at 
the Four Foot D i s tance 
" · · ·  
,_. 0 � 
00 
0 0 ..... � cd 0:: 
"O . C\l Cl> ::r:: "3'1 
C) 0 
·r-1 
r-1 � C\l � "O :>... ::r! 
0 
00 0 
·r-i 0 
+> 
ro 
0:: 
"O 
C'd 
Q,) 
::c 
u "3'1 
•r-i 
r-1 0 ::1 (1j � "O >, ::c 
0 
0 
0 0 
NW Bank 
O F i r s t  Repl i cat ion 
e second Rep l i cat ion 
'X Th i rd Rep l i cat ion 
SW Bank 
• 
4 
Time ( hour s )  
� 
12 
r x � )( )( 
0
8 • 0 • 
)( 
0 8 
0 
)( )( 
• 
0 0 
NE Bank 
� 
0 
SE Bank 
4 1 2  
Time ( hour s ) 
F i gure 1 6 . P l o t s  o f  Hydrau l i c  Head Rat ios Ve rsus T ime foT t he Seven Foot P i e zometers at 
the Two Foot D i s tance 
...... 0 
CJ1 
'X )\ >c. 
00 x � 
0 0 
.,.... 
+> 
ro � x 
"d ro Q) ')(. ::r:: 
� 
u 
0 0 
·r-1 0 
r-1 
::::1 NW Bank NE Bank (lj � 'O ::>-. ::r:: 
0 
0 :l O F ir s t Rep l i cat i on • Second Rep l i cat ion X Th i rd Rep l i cat ion 
.,.... +> ro c::r:: SW Bank 
'O (tj ex Q) ::r:: �'1 )( u 
•r-1 0 .x ti< r-i 
::::1 (Tj � "d ::>-. ::x::: 
0 0 SE Bank 
O L- I I I '  I I I 1 
0 4 8 12 0 4 8 1 
Time ( hour s ) Time ( hour s ) 
F i gure 1 7 .  P lo t s  o f  Hydrau l i c  Head Rat ios Ver sus Time for the Seven Foot P ie zome ters at 
the Fou r Foo t D i s tance 
"'""' 0 O'> 
1--"A."/.. � ..,  " 
� � . 00 ------- 0 
0 
0 x 
� � x )( ro � x 
'O (\l I � � I  � q. I X 
C) 0 � I S E  Bank I NE Bank 
::s ro � 'O 
:;;.... ::i:: 
0 
00 
0 0 .... ..µ ro 0:: 
'O ro 
� 
u 
"11 
•.-1 0 
rl 
::s id � "O � ::i:: 
SW Bank 
O F ir s t  Rep l i cat ion 
Second Rep l i cation 
')( Third Rep l i cat ion 
)( .)(' )( x x 0 0 
0 0 
• 
• • 
• 
NW Bank 
a<-
• 
• 
0 
)( 
0 
')(. 
• 
No s i gn i f i cant regre s s ion curve 
0 
0 
F i gure 1 8 . 
4 8 12 0 4 8 
T ime ( hour s ) T ime ( hours ) 
P l o t s  of Hydrau l i c  Head Rat ios Versus Time for the E i ght Foot P ie zometers 
at t he Two Foot D i s tanc� 
f-' 0 .....:i 
00 0 
•ri 0 
.µ (ij � 
"d cO (].) ::r:: 
() "11 •ri r-1 0 :l C\l H "d I ::>-. ::r:: 
0 
0 � 
•M 
+> 0 
ctj � 
"d (\) (]) ::c 
u 
·M "11 
r--! :l 0 cd H "d >. ::c 
NW Bank 
O F i r s t  Re p l i cat ion 
Se c ond Re p l i cat i o n  
X. Th i r d  R e p l i cat i o n  
O')( 
SW Bank 
4 8 
Time ( hou r s )  
I 
1 2  
JC" l( '< l( 
)( )( )( 
------:.___ 
e + a 8 o• 
8 8 
NE Bank 
SE Bank 
0 1 
Time ( hour s ) 
F i gure 1 9 . P l o ts o f  Hyd rau l i c Head Rat i o s  Ve r sus T ime for the E i ght Foot P i e zome ters 
at the Four F o o t  D i s tance 
� 
0 00 
-� ":�)( 6 �  
+.> 0 
ro 
i:x:: 
"d 
rO 
<l> 
� 
C) 
x 
0 x 
0 
.,..; "'\t1 
rl 
r 1e • • :>-, ::x:: 
0 
. ,..; 
+.> 
ro 
0::: 
"d 
ro 
<l> 
::x:: 
C) 
.,..; 
rl 
� 
ro 
� 
"d 
:>-, 
� 
• 
I SW Bank 
0 
00 
0 
"'\t1 
0 
• 
NW Bank 
O F ir s t Repl i cat ion 
o Se cond Rep l i cat ion 
X Th ird Rep l i cat ion 
0 I I I I I I I 
0 4 8 12 
Time ( hour s ) 
• • 
.,c.. � 
0 0 
')( 
• x x )( 
• • • 
,o 
S E  Bank 
0 
)<. 
0 
• 
"'/... 
0 
No s i gn i f i cant regre s s ion curve 
x x x 
• 
• • 
o o 0 0 
0 
0 0 
NE Bank 
No s igni f i cant regres s ion curve 
4 8 
Time ( hours ) 
12 
F i gure 2 0 . P lo t s  o f  Hyd r au l i c  Head Rat ios Ve r sus Time for t he Nine Foot P ie zome ters at 
the Two Foot D i s tance 
I-' 
0 
© 
0 
•r-1 • 
+> ('j 0:: . 
'O (1j Q) ::r: 
(.) 
·r-1 "'11 
,...; . � 0 ro H 'O 
:;;...., ::i:: 
x 
')( T 
NW Bank 
0 if� O 
l' � x - ")( 
• 
NE Bank 
0 F i r s t  Rep l i cat ion 
o S e cond Repl i cat i on 
X Th i r d  Re p l i cat i on 
0 '-------+------+-------41--�---t--------t------+------� 
0 00 
x )<. )<. 6- 0 
0 0 
·r-1 
+> 0 ('j � 
"O • • • ('j Q) ::r: I • 
• • 
(.) 
·r1 "'11 
l"'-i � 0 
• • • 
ro � "O SE Bank :;;...., ::r: SW Bank 
o ------..... ----41----��----i------t------to------t I No s i gni f i cant regres s i on curve - I I I I I I I 
0 4 8 
Time ( hour s )  
12 0 4 8 12 
Time ( hours )  
F i gure 2 1 . P lots of Hydrau l i c  Head Rat ios Ver sus Time for the Nine Foot P i ezome ters at 
the F o u r  Foot D i s tance . 
•. , . .  
,......, 
,......, 0 
0 00 ...... . � o  cd 0:: 
'O (1j Q) ::X::: · 
u •r-i "'11 
,..., . � o  (lj H 'O :>-. ::x::: 
0 
00 0 • ·r-1 0 � ro 0:: 
'O ro cu ::x::: 
.� "'11 
x - xx 
0 
x 
NW Bank 
• 
• 
• 
x 
x 
x x  
I v n 
I 
NE Bank 
0 F i r s t  Rep l i cat i on 
• S e cond Repl i cat ion 
X Th i r d  Rep l i ca t i on 
� • 
'X 
� 
0 
,..., . 
@ 0 1 0 0 0 0 � 0 0 I SE Bank 'O � ::J:: 
0 
SW Bank 
No s i gn i f i cant regre s s ion curv 
-------t------t-------1-------t------+------of-----�
0 4 8 
Time ( hours ) 
1 2  0 4 8 12 
Time ( hour s ) 
F i gure 22 . P l ots of Hydrau l i c  Head Rat i os Ve rsus Time for the Ten Foot P ie zometers at 
the Two Foot D i s tance 
,_., 
f--' 
,_., 
0 00 
·r-i • 
+' 0 C'd 0:: 
'O ro ().) ::c: 
(.) 
·.-1 � 
l"'-i • :::l 0 cU � 'O :>. ::c: 
0 
0 00 •r-i +' 0 ro 0:: 
'O C'd 
().) ::c: 
0 
·r-i � 
,...., ;:j 0 ro � 'O :>. ::c: 
I . . 
I 
S E  Bank 
OF ir s t  Rep l i ca t i on 
Second Rep l i cat i on 
)(Th i r d  Re p l i cat ion 
)<� <i1< 
SW Bank 
• 
0 
x >< 
0 
NE Ba nk 
• • 
0 
0 
----------
)( x 
NW Ba nk 
0 -------1-------1�----....... ------1------+------+------t 
0 4 8 1 2  0 4 8 1 2  
Time ( hours ) Time ( hour s ) 
F i gure 2 3 .  Plots  o f  Hyd rau l i c  Head Ra t i o s  Versus Time for the Ten Foot P i e zometers at 
t he Four Foo t D i s tance 
I<-' 1--' N> 
APP END IX H 
ANALYS ES OF VAR IANCE F OR 
THE HYDRAU L I C  HEAD RAT I OS 
1 1 3 
Tab l e  H- 1 . Analys i s  o f  Var iance for t he P i e zome tr i c  Data o f  Time Bl ock 1 
S our ce 
S o i l  
Enve l ope 
Depth 
Re p l i ca t i o n  
D i s t ance 
S o i l  x Enve l ope 
So i l x De p t h  
S o i l x D i s t ance 
Enve l ope x Dep t h  
Enve l ope x D i s tance 
D e p t h  x D i s tance 
S o i l x Env e l ope x De p t h  
S o i l x Enve lo pe x Dis tance 
So i l  x Depth x D i s tance 
Env e l ope x Dept h x D i st ance 
So i l x Enve l ope x Depth x D i s tance 
E r r o r  
* ** S i gni f i cant at the . 0 05 leve l 
* S i gn i f i cant at the . 0 5 leve l 
D . F . Sum o f  Square s  
1 0 . 0 9 4  
1 0 . 1 0 9  
3 0 . 4 8 3  
2 0 . 0 45 
1 0 . 007 
1 0 . 2 1 6 
3 0 . 122 
1 0 . 0 3 3  
3 0 . 12 6  
1 0 . 02 9  
3 0 . 2 37 
3 0 . 1 1 9 
1 o . oo+ 
3 0 . 1 1 1  
3 0 . 1 6 7  
3 0 . 05 9  
100 1 . 652 
Mean S quar e s  
0 . 0 9 4  
0 . 109 
0 . 1 6 1  
0 . 02 2  
0 . 0 0 7  
0 . 2 1 6  
0 . 0 4 1  
0 . 0 3 3  
0 . 0 42 
0 . 02 9  
0 . 0 7 9  
0 . 040 
o . o o +  
0 . 0 3 7  
0 . 05 6  
0 . 0 1 9  
0 . 0 1 7  
F 
5 . 70 *  
6 . 60* 
9 . 7 4 * * *  
1 .  35  
0 . 42 
1 3 . 0 6 * * *  
2 . 4 6 
1 .  9 8  
2 . 5 4 
1 .  75 
4 . 7 7 * * *  
2 . 39 
0 . 0 1 
2 . 2 5  
3 . 3 7 *  
1 . 1 4 
,_, 
,_, 
� 
Table H-2 .  Analys i s  o f  Var iance for the P iezome t r i c  Data o f  Time Block 2 
Source 
So i l  
Envel ope 
Depth 
Rep l i cat ion 
D i s tance 
Soi l x Enve lope 
So i l  x Depth 
Soi l x Dis tance 
Envel ope x Depth 
Enve lope x D i s tance 
Depth x Dis tance 
So i l  x Enve lope x Depth 
Soi l x Enve lope x Dis tance 
So i l  x Depth x D i s tance 
Enve lope x Depth x D i s tance 
Error 
*** S ign i f i cant at the . 005 leve l 
* S i gni f i cant at the . 05 leve l 
D . F . Sum of Square s  
1 0 . 1 48 
1 0 . 0 5 6  
3 0 . 6 1 1  
2 0 . 0 08 
1 0 . 004 
1 0 . 2 72 
3 0 . 1 7 1 
1 0 . 0 03 
3 0 . 0 72 
1 0 . 00+ 
3 0 . 342 
3 0 . 12 8  
1 0 . 005 
3 0 . 1 6 8  
3 0 . 1 1 6  
9 6  
Mean Square s  
0 . 1 48 
0 . 05 6  
0 , 2 0 4  
0 . 004 
0 . 004 
0 . 2 72 
I 0 . 05 7  
0 . 003 
0 . 02 4  
0 . 00+ 
0 . 1 1 4  
0 . 042 
0 . 005 
0 . 0 5 6  
0 . 0 3 9 
F 
7 . 70*** 
2 . 9 3 
3 1 . 8 7*** 
0 . 1 9 
0 . 2 0 
1 4 . 2 0 * * *  
3 . 00* 
0 . 1 7 
1 .  30 
0 . 0 1 
5 . 90*** 
2 . 2 0 
0 . 2 6 
2 . 90 *  
2 . 0 1 
,_, 
,_, 
CJl 
Table H-3 .  Anal y s i s  o f  Var iance for the P i e zometr i c  Data of Time Block 3 
Sour ce 
Soi l 
Enve lope 
Depth 
Repli cat ion 
D i s tance 
So i l  x Envel ope 
So i l  x Depth 
Soi l x D i s tance 
Enve lope x Dep th 
�nve l ope x D i s tance 
Depth x D i s tance 
Soi l x Enve l o pe x Depth 
So i l  x Enve l ope x D i s tance 
Soi l x Depth x Di s tance 
Enve lope x Dep th x Di stance 
· Er ror 
* * * S i gni f i cant at the . 0 05 leve l 
* S i gn i f i cant at the . 0 5 l eve l 
D . F . Sum of Square s  
1 0 . 2 6 4  
1 0 . 0 5 5  
3 1 . 1 8 7  
2 0 . 0 7 1  
1 0 . 0 1 6  
1 0 . 2 1 3  
3 0 . 2 1 9 
l 0 . 0 1 7  
3 0 . 1 1 7  
1 0 . 00 3  
3 0 . 5 3 9  
3 0 . 2 02 
1 0 . 0 1 0  
3 0 . 303 
3 0 . 2 5 2  
1 44 3 . 2 6 5  
Mean Square s  
0 . 2 6 4  
0 . 0 5 5  
0 . 39 6  
0 . 035  
0 . 0 1 6  
0 . 2 1 3  
I 0 . 0 7 3  
0 . 0 1 7  
0 . 039 
0 . 003 
0 . 180 
0 . 06 7  
0 . 0 1 0  
0 . 1 0 1  
0 . 0 8 4  
0 . 022 
F 
1 1 . 6 4 *** 
2 . 42 
1 7 . 44*** 
1 .  56 
0 .  71  
9 . 3 7** *  
3 . 22 *  
0 . 76 
1 .  7 3  
0 . 1 6 
7 . 92*** 
2 . 9 6 
0 . 4 3 
4 . 46*** 
3 . 70 *  
I-' 
I-' 
Q') 
Tab l e  H-4 . Analys i s  o f  Var i ance for the P i e zometr i c  Data of Time Block 4 
Source D . F .  Sum o f  Square s  
So i l  1 0 . 046 
Enve lope 1 0 . 0 30 
Depth 3 0 . 2 8 3  
Rep l i cat ions 2 0 . 02 7  
D i s tance 1 0 . 0 30 
So i l  x Enve l ope 1 0 . 0 35 
So i l  x Dep th 3 0 . 1 12 
So i l  x D i s tance 1 0 . 0 0+ 
Enve lope x Dept h  3 0 . 0 7 4  
Enve lope x D i stance 1 0 . 003 
Depth x Dis tance 3 0 . 1 5 6  
So i l  x Enve lope x Depth 3 0 . 060 
So i l  x Enve lope x D i s tance 1 0 . 0 l l  
Soi l x De pth x D i s t ance 3 O . l l 4  
Enve lope x Depth x Di stance 3 0 . 0 9 3  
Er ror 5 5  1 . 345 
* S i gni f i cant at the . 0 5 leve l 
Mean Square s  
0 . 0 4 6  
0 . 0 30 
0 . 0 9 4  
0 . 0 1 3  
0 . 0 30 
0 . 0 35 
0 . 0 3 7 
' 0 . 0 0+ 
0 . 02 4  
0 . 00 3  
0 . 052 
0 . 02 0  
O . O l l . 
0 . 0 38 
0 . 0 3 1  
0 . 02 4  
F 
1 . 8 8 
1 . 2 3  
3 . 8 6 *  
0 . 5 5 
1 . 2 2 
1 .. 4 3  
1 .  5 3  
o . o+ 
1 . 00 
0 . 1 1  
2 . 12 
0 . 8 1 
0 . 44 
1 .  5 6  
1 . 2 7  
)-1 
)-1 
-..J 
Tab l e  H-5 . Analy s i s o f  Var iance for t he P i e zome t r i c  Data of Time Block 5 
Sour ce D . F .  Sum o f  Squar e s  
S o i l  1 0 . 05 5  
Enve lope 1 0 . 02 3  
Depth 3 0 . 2 40 
Re p l i cat i on 2 0 . 02 7  
D i s tance 1 0 . 02 1  
S o i l x Env e l ope 1 0 . 0 12 
S o i l x De p t h  3 0 . 0 6 6  
So i l  x D i s tance 1 0 . 0 1 0  
Enve lope x Dep t h  3 0 . 0 6 3  
Enve l ope x D i s tance 1 0 . 02 1 
Depth x D is tan ce 3 0 . 2 1 1  
So i l x Enve l o pe x Depth 3 0 . 0 6 1  
So i l  x Enve l o p e  x D i s t ance 1 0 . 0 01 
S o i l  x D e p t h  x D i s tance 3 0 . 1 35 
Enve lope x D e p t h  x D i s tance 3 0 . 0 6 4  
Error 55 1 . 2 1 8  
* Signi f i cant a t  the . 0 5 level 
Mean Squar es 
0 . 0 5 5  
0 . 02 3  
0 . 0 8 0  
0 . 0 1 4  
0 . 02 1  
0 . 0 1 2 
0 . 02 2  
0 . 0 1 0  
0 . 02 1  
0 . 02 1  
0 . 0 7 0  
0 . 02 0  
0 . 0 0 1  
0 . 0 4 5  
0 . 02 1  
0 . 02 2  
F 
2 . 46 
1 . 02 
3 . 6 1 *  
0 . 62 
0 . 9 5 
0 . 5 6 
0 . 9 9 
0 . 4 5 
0 . 9 4 
0 . 9 4 
3 . 1 8 *  
0 . 9 1  
0 . 0 4 
2 . 0 3 
0 . 9 6 
I-' 
I-' 00 
APPEND IX I 
MECHAN I CAL ANA LYS I S  DATA F OR THE 
F I E LD GRAVEL ENVELOPE SAMP LES 
1 1 9  
1 2 0  
Tab l e  l - 1 . P ar t i c l e S i z e  D i s t r i but i on ( Pe r c e n t  F i n e r  by We i g h t ) for 
t he F i e l d  G rave l Env e l ope Samp l e s  
Enve l o pe S amp l e  S i ev e  S i z e  
P o s i t i on Numb e r  ( mm )  
4 . 7 6 0  1 . 1 90 0 . 8 4 1  0 . 42 0  0 . 2 5 0  0 . 1 7 7 0 . 2 75 0 . 0 5 3  
To p 1 79 . 3  2 9 . 5  1 7 . 9 5 . 4  2 . 2 1 .  4 0 . 6 0 . 3 
To p 2 7 9 . 9  2 7 . 3  1 6 . 8  5 .  4: 2 . 4  1 .  6 0 . 8 0 . 4  
To p 3 80 . 6  2 4 . 9  1 5 . 7  5 . 3  2 . 1  1 . 4  0 . 5  0 . 5  
Top 4 8 4 . 9  30 . 2  1 9 . 2  5 . 9  2 . 1  1 .  3 0 . 7 0 . 3 
To p 5 6 6 . 3  2 7 . 9  1 8 . 7  7. . 0 3 . 0 1 .  9 0 . 6  0 . 4  
Top 6 6 1 . l 22 . 1  1 4 . 2  5 . 1  2 . 2  1 .  4 0 . 7 0 . 4  
To p 7 70 . 7  2 6 . l  1 7 . 2  7 . 0  3 . 6  2 . 5  1 .  0 0 . 2  
Top 8 8 3 . 7 2 8 . 8  . 1 7 . 7 5 . 9  2 . 8  2 . 0  1 . 1  0 . 5  
To p 9 7 3 . 5  2 5 . 4  1 6 . 5  6 . 7  3 . 7 2 . 8  1 .  7 1 . 1 
Top 1 0  7 3 . 0  2 6 . 7  1 4 . 1 5 . 3  2 . 9  2 . 2 1 .  3 0 . 5  
Top 11 75 . 4  2 3 . 2  1 4 . 5  5 . 2 2 . 7  1 . 9 0 . 9  0 . 4  
Top 1 2  5 8 . 5  2 5 . 8  1 7 . 6 7 . 1 3 . 5 2 . 4  1 . 1  0 . 5  
S i d e  1 3  8 7 . 4  30 . 7  1 9 . 6  6 . 3 2 . 5  1 . 6  0 . 7 0 . 4 
S i d e  1 4  80 . 9 2 9 . 5  1 7 . 5  5 . 4  2 . 0 1 .  3 0 . 5  0 . 3 
S i d e  1 5  7 7 . 0  2 5 . 9  1 6 . 2  5 � 1  1 .  8 1 . 1  0 . 4  0 . 3 
S id e  1 6  76 . 0  2 8 . 8  1 9 . 3  9 . 1  5 . 7  4 . 6  3 . 1  0 . 9 
S id e  1 7 6 8 . 6  2 6 . 6  1 7 . 8  7 . 1  3 . 4 2 . 2  1 . 0  
0 . 7 
Bo t t o m  1 8  6 3 . 0 2 0 . 3  1 3 . 3  5 . 2  2 . 4  1
.  7 0 . 7 0 . 3 
Bo t t om 1 9  4 9 . 8  2 1 . 2  1 4 . 9  6 . 7  3 . 5  
2 . 4  1 . 2 0 . 9 
Bo t t om 2 0  6 7 . 6  30 . 3  2 3 . 1 1 4 . 3  1 0
. 2  8 . 3 5 . 6  1 .  3 
Av e ra g e s  
To p 7 3 . 9  2 6 . 2  1 6 . 7  
5 . 9  2 . 8  1 .  9 0 . 9  0 . 5  
S i de 7 7 . 9  2 8 . 3  1 8 . l  
6 . 6  3 . 1 2 . 2  1 . 1  0 . 5  
Bot tom 60 . l  2 3 .  9 1 7 . 1 8 . 7  5 . 4
 4 . 1 2 . 5  0 . 8 
To t a l  72 . 8  2 6 . 4 
1 7 . 1  6 . 5  3 . 2  2 . 3  1 . 2 0 . 5  
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Tab l e  J - 1 .  Hy drau l i c  Condu c t i v i ty ( cm/se c )  for t he F i be r g l as s 
Env e l ope 1Iater i a l  
Con t r o l  ( Unused ) Samp l e  F ie l d Samp l e s  
0 . 3 1 5  0 . 1 9 9  
0 . 492 0 . 2 36 
0 . 3 6 7  0 . 2 1 1  
0 . 3 5 0  0 . 3 9 9  
0 . 6 32 o .  32 1 
0 . 1 9 5  
0 . 2 1 7  
0 . 3 0 9 . 
0 . 3 1 4  
0 . 45 7  
0 . 1 0 9  
0 . 1 3 4  
0 . 2 6 3  
0 . 3 7 0  
0 . 3 3 7  
0 . 32 6  
0 . 3 1 2  
0 . 2 0 9  
0 . 1 60 
0 . 2 0 9  
0 . 2 4 7  
0 . 3 4 6  
0 . 2 36 
0 . 3 3 6  
0 . 2 70 
0 . 5 1 4 
0 . 2 5 3  
0 . 4 3 1  Average 0 . 2 77 
1 2 2  
�· 
Tab l e  .J -2 .  T e ns i l e S t r eng t h  ( g r am s /cen t i me t e r  of wi d t h ) f o r  t h e  
F i b e r g l a s s  Env e lope Ma t e r i a l  
C o n t r o l  ( Unused ) Samp l e  F i e ld S amp l e s  
6 1 2 . 8  2 7 4 . 2  
7 5 7 . 5  6 8 8 . 6  
82 3 .  3 3 9 6 . 6  
8 0 5 . 0  32 7 .  4 
9 1 7 . 5  4 7 9 . 2  
5 4 8 . 5  
1 5 8 . 5  
8 62 . 0  
5 70 . 3 
7 12 . 5  
9 1 9 . 8  
3 96 . 4  
6 0 1 . 4 
34 4 . 0  
780 . 5 
1 0 0 . 0 
39 1 . 5  
3 5 7 . 5  
1 89 . 1 
6 80 . 1 
2 4 7 . 5  
6 8 7 . 1 
3 1 1 . 8  
474 . 3 
7 8 3 . 2  Average 47 9 . 1 
1 2 3  
